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PREFACE 

In  1972  the  basic  concept  of  the  delamination  theory  of  wear  was  pre- 
sented to  my  colleagues  in  a private  memorandum.  The  mixed  reaction  it 
received  made  it  apparent  that  experimental  evidence  in  support  of  the 
theory  was  essential  before  it  could  be  accepted  widely.  Thus,  a series  of 
experimental  and  analytical  investigations  was  initiated  to  examine  the 
theory  from  three  different  points  of  view:  mechanics,  materials  and  ap- 
plications. Twelve  papers  on  the  delamination  theory  of  wear  resulting  from 
these  investigations  were  prepared  for  publication  in  the  special  issue  of  Wear, 
August  1977.  These  papers  on  the  delamination  theory  are  ret'roduced  here 
in  hard  cover  by  Elsevier. 

The  delamlnation  theory  of  wear  represents  an  attempt  to  understand 
the  nature  of  sliding  wear.  It  departs  completely  from  the  more  classical  ad- 
hesion theory  of  wear.  Like  many  endeavours  of  mankind,  it  is  easy  to  ac- 
cept a widely  recognized  view  and  develop  our  thouglits  along  a fixed  path, 
even  in  scientific  fields.  This  tendency  persists  even  when  the  view  (or  theory) 
may  occasionally  deviate  from  simple  observations  and  known  laws  of  nature. 
I'he  deviations  are  often  treated  as  exceptions  rather  than  as  causes  for 
alarm,  questioning  and  Inquiry.  However,  advances  in  science  emerge  only 
through  our  willingness  to  question  what  is  generally  accepted,  when  logical 
deductions  based  on  a theory  do  not  coincide  with  reality.  These  papers  on 
the  delamlnation  theory  of  weai'  are  presented  to  foster  this  questioning  spirit. 

I have  been  fortunate  to  have  had  many  students  and  oolleagues  who 
have  provided  Intellectual  stimulus  to  our  inquiry.  Many  of  them  are  co- 
authors of  the  papers  presented  here.  In  particular.  Dr.  Said  Jahanmlr  per- 
formed many  critical  experiments  from  the  very  early  days  of  our  research; 

Dr.  Nannaji  Saka  and  Dr.  Ernest  P.  Abrahamson,  II,  made  valuable  contri- 
bution,s to  the  materials  aspect  of  the  project;  and  Mr.  Jonathan  R.  Fleming 
reviewed  ten  of  the  12  manuscripts.  During  the  early  stages  of  this  research 
the  encouragement  and  criticisms  of  my  colleagues  I*rofes8ors  Nathan  H. 

Cook  and  Frank  A.  McClintock  wore  invaluable,  The  presentation  of  our 
work  in  a special  issue  of  Wear  would  not  have  been  possible  without  the 
enthusiasm  and  support  of  Messrs,  Douglas  Scott  and  Vdinon  C.  Westcott. 

This  kind  of  research  cannot  readily  be  undertaken  at  a private  uni- 
versity without  the  understanding  ol  iu.'-"'ard  looking  supporters  in  funding 
agencies.  In  this  regard,  the  authors  are  greatly  indebted  to  Dr,  Edward 
C.  Van  Reuth  of  the  Defense  Advanced  Research  Projects  Agency.  The 
authors  are  also  indebted  to  Dr.  Richard  S.  Miller,  Dr.  Arden  .L.  Hement,  Jr, 
and  Lt.  Commander  Kirk  Petrovlc  for  their  continuing  support  of  and  con- 
fidence in  this  work.  I am,  however,  responsible  for  any  shortcomings  of 
the  work  presented  in  this  volume. 

My  wife  and  our  four  daughters  detwrve  special  i.l)Hniks  for  tholr  leva, 
understanding  and  patience. 


Cambridge,  Massachusetts 
June  1977 


Nam  Pyo  Sub 
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Summarji 

The  fundamental  mochanisina  of  HlidinK  wear  postulated  by  the 
delamination  theory  of  wear  are  reviewed  in  terms  of  the  experimental  and 
analytical  work  done  to  date  at  MIT.  Each  of  the  rate  determining  processes 
involved  in  delamirialion  wear,  i.e.  piastic  deformation  of  the  surface  layer, 
crack  nucleation  and  crack  propagation,  is  discussed  for  various  metals  with 
different  microstructures.  The  effects  of  sliding  speed,  lubricants  and 
complex  loading  on  wear  are  also  discussed.  A hypothesis  (without  exper- 
imental verification)  is  advanced  for  the  formation  of  the  Beilby  layer. 

Various  dislocation  mechanisms  that  might  be  responsible  for  the  "dislocation 
depleted  layer"  are  considered. 


Introduction 

The  dclamination  theory  of  wear  was  introduced  in  1973  in  order  to 
explain  the  wear  of  metals  and  other  solid  materials  [1] . In  that  paper  many 
of  the  postulated  mechanisms  involved  in  delamination  wear  were  qualitative- 
ly shown  to  occur  but  only  a limited  amount  of  experimental  data  and 
analytical  evidence  in  support  of  the  theory  was  presented.  Since  then, 
extensive  analytical  and  experimental  work  has  been  done  by  the  author  and 
his  associates  at  MIT  [2  - 10]  and  also  by  others  |11  - 14] , which  has 
confirmed  the  validity  of  the  theory.  The  purpose  of  this  paper  is  to  give  an 
overall  review  of  the  current  state  of  understanding  of  sliding  wear  In  terms 
of  the  delamination  theory  of  wear  and  to  outline  the  relative  significance  of 
each  of  the  subjects  discussed  in  the  companion  papers  presented  in  this 
issue  of  Wear. 

The  significance  and  implications  of  the  mechanisms  postulated  by  the 
delamination  theory  of  wear  can  best  be  understood  by  considering  the 
following  questions, 

(1)  Where  does  all  the  energy  supplied  by  the  external  agent  go? 

(2)  Why  and  how  does  the  coefficient  of  friction  affect  the  wear  rate? 
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(3)  Why  do  some  hard  mctala  wear  faster  than  softer  metalsV 

(4)  Why  do  most  wear  particles  have  an  aspect  ratio  greatly  different 
from  unity? 

(5)  Why  does  seizure  occur? 

(6)  How  does  the  microstructure  of  metals  affect  the  wear  rate? 

(7)  How  do  initial  surface  roughness  and  waviness  influence  the  wear 
phenomenon? 

An  attempt  is  made  to  answer  these  questions  in  this  and  the  companion 
papers  based  on  the  delamination  theory  of  wear. 

The  primary  purpose  of  this  paper  is  to  give  a perspective  on  our 
current  state  of  understanding  of  sliding  wear.  It  discusses  well-established 
aspects  of  sliding  wear  mechanisms  and  also  those  areas  which  still  require 
further  re.search. 


Mechanisms  of  delamination  wear 
(leneral  description 

The  delamination  theory  of  wear  describes  the  following  sequential 
(or  Independent,  if  there  are  pre-existing  subsurface  cracks)  events  which 
lead  to  wear  particle  formation. 

(1)  When  two  sliding  surfaces  come  into  contact,  normal  and  tangential 
load.r  are  transmitted  through  the  contact  points  by  adhesive  and  plowing 
actions,  Asperities  of  the  softer  surface  are  easily  deformed  and  some  are 
fractured  by  the  repeated  loading  action.  A relatively  smooth  surface  is 
generated,  either  when  these  asperities  are  deformed  or  when  they  are 
removed.  Once  the  surface  becomes  smooth,  the  contact  is  not  just  an 
asperity-to-aspority  contact,  but  rather  an  asperity  plane  contact;  each  point 
along  tlie  softer  surface  experiences  eyclie  loading  as  the  asperities  of  t he 
harder  surface  plow  it. 

(2)  The  surface  traction  exerted  by  the  harder  asperities  on  the  softer 
surface  induces  t>la8tic  shear  deformation  which  accumulates  with  repeated 
luadlngi'. 

(3)  As  the  subsurface  deformation  continues,  cracks  are  nucleated  below 
the  surface.  Crack  nucleatlon  very  near  the  surface  is  nut  favored  because  of 

a triaxiul  state  of  highly  comprewive  stress  which  exists  Just  below  the 
contact  regions. 

(4)  Once  cracks  are  present  (owing  either  to  the  cra<!k  nucleation 
process  or  to  pre-existing  voids),  further  loading  and  deformation  causes 
cracks  to  extend  and  to  propagate,  joining  neighboring  ones.  The  cracks  tend 
to  propagate  parallel  to  the  i^.urface  at  a depth  governed  by  material  prop- 
erties and  the  coefficient  of  friction.  When  cracks  cannot  propagate  because 


*Th«  Increment  of  psrmsnant  dsformstlon  pur  saperity  piiuigs  !■  ■mall  comparod 
with  I lui  total  plaitlo  daformatiiin  per  paMKge  (which  Is  almost  completely  reversed).  This 
accounts  fur  the  dissipation  of  energy  (5,  15 1. 
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of  either  limited  deformation  or  an  extremely  small  tangential  traction  at 
the  asperity  contact,  crack  nuclcatlon  is  the  rate  controlling  mechanism. 

(5)  When  these  cracks  finally  shear  to  the  surface  (at  certain  weak 
positions)  long  and  thin  wear  sheets  “delaminate”.  The  thickness  of  a wear 
sheet  is  controlled  by  the  location  of  subsurface  crack  growth,  which  is 
controlled  by  the  normal  and  the  tangential  loads  at  the  surface. 

The  remainder  of  this  section  elaborates  on  each  one  of  the  mech'. 
onisms  described  above  in  order  to  establish  our  current  state  of  knowledge. 

Effect  of  topography  on  wear  and  the  formation  of  the  Beilby  layer 

All  machined  surfaces,  and  to  some  extent  the  surface  created  by  the 
delamination  wear  process,  have  asperities.  When  the  harder  surface  slides 
over  the  softer  surface,  the  softer  asperities  either  fracture  immediately  or 
deform.  The  rate  at  which  these  asperities  are  removed  by  the  sliding  process 
and  the  mechanism  of  removal  depend  on  the  initial  surface  roughness,  the 
applied  load  and  the  mechanical  properties  of  the  asperities.  For  example, 
the  wear  rate  of  AISI 1020  steel  was  shown  to  be  higher  for  rougher  surfaces 
than  for  smoother  surfaces  when  the  applied  normal  load  was  high  but 
the  opposite  was  found  to  be  true  under  a lighter  normal  load  [10) . 

The  wear  particles  generated  by  the  fracture  of  deforming  asperitl.^s 
will  be  smaller  than  delaminated  wear  particles  produced  by  the  subsuT:jface 
crack  propagation  process  but  their  aspect  ratio  may  be  larger  than  unity. 

Figure  1 shows  asperities  of  AISI  1018  steel  (generated  by  a machining 
process)  which  were  deformed  under  the  sliding  action  of  an  AISI  52100 
steel  slider.  High  asperities  were  deformed  first  and  these  covered  the  lower 
ones.  Upon  further  deformation  the  tower  asperities  also  deformed,  eventual- 
ly forming  a layered  structure  of  deformed  asperities.  The  deformation 
process  is  illustrated  in  Fig.  2 which  shows  the  deformation  of  the  gold-steel 


(•)  (b) 

Fig.  1.  Plutic  dsformatlon  of  th*  origins!  sspsrltlN  on  msohinsd  AISI  1018  stsst  during 
oylindtr-on-cylindsr  wesr  t««Ui  (i)  sliding  psrpsndiculsr  to  the  machining  marks,  2.0  /im 
(o.I.s.)  surfacs  finish,  under  a normal  load  of  0.91  kg  after  0.2  m of  sliding:  (b)  sliding 
narallel  to  the  mnchhing  mirk  •,  3.3  |Um  (o.I.s.)  surface  finish,  under  a normal  load  of 
0.3R  kg  after  0,26  m of  sliding. 


FIk.  2,  The  deformation  of  aubatrate  aaperitlea  due  to  the  ilidlnK  action  on  a thick  plate 
of  Au  on  an  AISI  1020  ateel  aubatrate. 

ititerlace  of  gold  plated  AISI  1020  steel  due  to  the  surface  traction  exerted 
on  the  gold  surface  by  an  AISI  62100  steel  slider,  llic  micrograph  shows  one 
deforming  asperity  overlying  another  asperity.  If  the  gold  plating  had  not 
been  present,  the  fresh  surface  of  a highly  elongated  asperity  would  have 
overlaid  another  highly  deformed  asperity,  possibly  forming  a chemical  bond 
(I'.e  cohesive  bonding). 

If  these  layers  are  removed  by  fracture  or  by  bond  failure  before  the 
subsurface  delamination  process  finally  creates  a wear  particle,  then  the 
number  of  layers  of  these  deformed  asperities  stacking  on  top  of  each  other 
will  depend  only  on  the  ductility  of  the  layers  and  on  the  quality  of  the 
cohesive  bonding.  In  contrast,  if  the  surface  is  removed  only  through  the 
subsurface  crack  propagation  process  (i.e.  the  delaminatioti  process),  the 
deformed  asperities  will  undergo  severe  elongation.  In  this  case  the  thickness 
of  each  layer  con  be  very  small,  being  of  the  order  of  10  A.  Since  each  layer 
has  a different  crystallographic  orientation,  the  resulting  lamellar  structure 
at  the  surface  will  not  exhibit  a unique  crystallographic  structure  when 
viewed  by  X-ray  diffraction  or  by  electron  diffraction.  This  may  explain  the 
formation  of  the  so-called  Beilby  layer  or  shear-mixed  layer  discussed  in  the 
literature  [16] . Experimental  e^donce  for  this  hypothesis  about  the 
formation  of  the  Beilby  layer  is  yet  to  be  secured. 

In  certain  loss  ductile  metals,  e.g.  those  with  inclusions,  the  asperities 
may  simply  fracture  rather  than  form  the  lamellar  structure  when  they  are 
deformed.  The  degree  of  deformation  before  fracture  will  depend  both  on 
the  mlcrostructure  and  on  the  environmental  conditions,  For  example, 
asperities  are  likely  to  undergo  less  deformation  when  metal-to-metal 
adhesion  between  deformed  asperities  Is  prevented  by  the  presence  of 
lubricants.  Another  equally  plausible  explanation  for  the  Iteilby  layer  Is  the 
formation  of  very  small  grains  or  dislocation  cells  which  cannot  be  resolved 
by  an  optical  metallograph.  Van  Dijek’s  transmission  electron  microscopy 
showed  that  small  elongated  grains  of  the  order  of  260  - 600  A were  formed 
at  the  surface  of  worn  copper  specimens  [17] . 

One  aspect  of  surface  topography  that  has  not  been  investigated  to  any 
extent  is  surface  waviness.  Surface  waviness  differs  from  surface  rough- 
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ness  in  that  the  former  refers  to  the  long  range  deviation  of  the  surface 
profile  from  the  nominal  shape,  while  the  latter  refers  to  a short  range 
deviation.  In  a stiff  sliding  system  {i.e.  a geometrically  confined  sliding 
system)  waviness  can  increase  the  tangential  component  of  the  surface 
traction;  this  affects  the  wear  rate  significantly,  as  discussed  in  greater 
detail  in  following  sections. 

Deformation  of  the  surface  layer 

'I’he  plastic  deformation  of  an  elastoplastic  surface  layer  under  the 
influence  of  normal  and  tangential  loads  exerted  by  a hard  asperity  has  been 
analyzed  in  the  companion  paper  by  Jahanmlr  and  Suh  [15] . Qualitatively 
the  plastic  deformation  occurs  in  such  a manner  that  the  shear  strain 
component  in  planes  perpendicular  to  tho  surface  accumulates  incrementally 
each  time  a hard  asperity  passes  over  the  surface.  The  depth  of  the  plastic 
deformation  zone  and  the  plastic  strain  depend  on  the  actual  surface  traction. 
In  an  elastic  perfectly  plastic  solid  the  magnitude  of  plastic  strain  accumulated 
at  a given  depth  per  cycle  remains  constant  when  the  magnitude  of  tho  sur- 
face traction  does  not  change.  This  implies  that  the  plastic  deformation  can 
accumulate  indefinitely  when  two  surfaces  slide  over  each  other  until  the 
surface  layer  is  delaminated.  Therefore  the  resistance  to  delamination  wear 
can  he  increased  cither  by  suppressing  the  crack  nucleation  and  propagation 
process  or  by  reducing  the  plastic  deformation  by  increasing  the  flow  strength. 

One  of  the  major  difficulties  encountered  in  predicting  analytically  the 
deformation  of  the  surface  layer  is  the  inability  to  measure  or  to  derive  the 
exact  magnitude  of  the  normal  and  tangential  loads  exerted  by  the  hard 
asperities  and  the  actual  area  of  asperity  contact,  'rherefore  it  is  often  neces- 
sary to  make  arbitrary  assumptions;  the  common  assumption  is  that  the 
normal  stress  is  equal  to  the  hardness  of  the  metal.  This  is  a reasonable 
assumption  when  the  tangential  load  is  absent,  but  it  is  a poor  assumption 
under  a typical  sliding  situation.  For  this  latter  case.  Green  [18]  showed  that 
the  normal  load  deptmds  on  the  coefficient  of  friction  and  may  be  smaller 
than  the  hardness  when  both  normal  and  tangential  loads  are  applied  to  a 
IHirfectly  plastic  solid.  Even  this  analysis  is  of  limited  value  since  it  cannot 
accurately  predict  the  coefficient  of  friction  unless  an  arbitrary  assumption 
is  made  that  some  of  the  Junctions  support  significant  tensile  loading.  Tliis  is 
a result  of  neglecting  the  plowing  action  at  the  stArface  Further  evidence  that 
the  normal  stress  at  the  asperity-^surface  contact  i*!  not  equal  to  the  hardness 
is  provided  by  experimental  results.  The  ext>erlmentally  observed  plastic  zone 
depth  Is  a strong  function  of  the  flow  stress,  the  hi^er  the  flow  stress, 
tho  shallower  is  the  depth  of  plastic  deformation.  If  the  contact  stress  at  the 
surface  increases  in  proportion  to  the  hardness,  the  depth  of  the  plastic  zone 
should  be  approximately  constant. 

It  has  been  experimentally  observed  that  the  depth  of  the  plastically 
deformed  zone  in  copper  Increases  with  the  distance  slid  or  with  the  number 
of  loading  cycles  when  freshly  annealed  copper  is  slid  against  a herd  surface 
[3] . This  increase  may  be  due  to  experimental  difficulty  in  measuring  small 


strains  or  it  may  bo  duo  to  the  changes  in  material  behavior  under  cyclic 
loading  conditions.  When  metals  are  loaded  cyclically,  some  undergo  cyclic 
softening  (loading  to  cyclic  creep)  or  cyclic  hardening.  However,  even  metals 
which  initially  undergo  cyclic  hardening  may  eventually  soften  under 
continued  cyclic  deformation.  The  role  of  cyclic  creep  in  wear  is  not  yet 
fully  understood. 

When  plowing  is  considered,  the  mechanics  of  deformation  very  near 
the  asperity  contact  point  can  only  be  analyzed  to  a first  approximation 
using  a numerical  technique  for  an  assumed  plowing  model.  Otherwise,  it  is 
difficult  to  satisfy  the  equilibrium  condition.  The  MIT  work  to  date  has 
relied  on  St.  Venant’s  principle  and  has  ignored  the  actual  deformation  of 
the  region  very  close  to  the  loading  points  for  three  reasons:  the  high 
computation  cost  associated  with  elastic- plastic  numerical  methods  such  as 
finite  elements;  the  high  probability  that  crack  nuclcation  and  propagation 
do  not  occur  very  near  the  asperity-surface  contact  point;  and  the  fact  that 
other  more  gross  assumptions  were  made  in  the  analyses. 

Another  approximation  made  in  the  analysis  of  deformation  is  the 
assumption  of  isotropy.  It  is  well  known  that  worn  surfaces  have  U^xturc  and 
arc  thus  not  isotropic.  Buckley  [19J  and  Scott  and  Wilman  [20]  have  shown 
that  the  slip  planes  of  worn  surfaces  become  oriented  parallel  to  the  surface. 
When  such  texture  develops  the  metal  is  no  longer  isotropic,  especially  if  the 
metal  has  a limited  number  of  slip  systems  (as  in  h.c.p.  metals).  The  effect  of 
anisotropy  on  friction  and  wear  needs  further  understanding. 

There  is  also  ample  evidence  that  the  flow  properties  of  a worn  material 
vary  as  a function  of  the  depth  from  the  surface,  which  is  ignored  in  the 
analyses  done  to  date.  Although  the  microscopic  mechanisms  responsible  for 
the  heterogeneity  arc  discussed  in  a later  section,  very  little  basic  under- 
standing on  the  role  of  heterogeneity  in  wear  is  yet  available,  This  subject  is 
of  interest  since  the  introduction  of  heterogeneity  through  heat  treatment 
and  |)lating  is  a major  tool  in  combatting  wear. 

Crack  nuclcation 

In  the  original  paper  on  the  delamination  theory  of  wear  it  was  reason- 
ed that  crack  nuclcation  is  likely  to  occur  away  from  the  surface  rather  than 
very  near  the  surface  owing  to  the  high  hydrostatic  compressive  pressure 
acting  near  the  asperity  contact.  I'he  analysis  presented  in  the  companion 
paper  [15]  shows  that  this  is  indeed  the  case.  The  analysis  assumed  that 
crack  nucleatlon  occurs  when  the  radial  stress  acting  at  the  interface 
Iretween  a rigid  cylindrical  inclusion  and  the  matrix  reaches  a critical  value. 
The  radial  stress  was  computed  by  considering  both  the  stress  accumulated 
due  to  the  residual  stress  associated  with  strain  concentration  aro\md  the 
inclusion  and  the  stress  due  to  the  applied  load.  It  is  significant  to  note  that 
when  the  normal  load  is  higher  than  four  times  the  critical  shear  stress  of 
tht‘  metal,  the  rate  of  crack  propagation  per  loading  cycle  vis-^-vls  the  crack 
nucleation  rate  in  an  elastoplastlc  solid  appears  to  he  the  wear  rate  determin- 
ing process  in  the  range  of  Action  coefficients  investigated  (te.  g > 0.126), 
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U is  also  interesting  to  note  that  crackn  are  nucleated  at  a greater  depth  as 
the  normal  and  tangential  applied  loadit  increase.  Furthermore,  the  size  of 
the  region  over  which  cracks  nucleate  also  increases  with  increased  applied 
loads. 

The  crack  nucieation  analysis  was  done  for  an  individual  cylindrical 
inclusion;  the  stress  and  strain  fields  were  not  influenced  by  the  presence  of 
other  inclusions.  The  analysis  should  be  extended  to  the  case  of  two 
neighboring  inclusions  where  crack  nucieation  occurs  much  more  readily 
owing  to  the  interaction  of  neighboring  stress  fields  and  stress  or  strain 
concentrations.  Non-cylindrical  inclusions  should  also  be  considered,  e.g. 
when  the  microstructure  is  pearlitic,  crack  nucieation  is  likely  to  occur  by 
cohesive  fracture  of  the  carbide  lamella  owing  to  the  shear  stress  exerted  on 
the  carbide- fenite  interface. 

There  is  no  definitive  evidence  that  the  crack  nucieation  condition  used 
in  the  analysis  is  valid  under  all  conditions.  For  example,  when  there  is  shear 
stress  acting  at  the  inclusion-matrix  interface,  crack  nucieation  may  occur 
at  a lower  magnitude  of  the  radial  stress.  Ihe  analysis  of  these  details  of 
crack  nucieation  is  still  one  of  the  remaining  tasks  in  tribology  and  the 
fracture  of  metals. 

Metallurgical  ind  microstructural  evidence  for  the  crack  nucieation 
predicted  by  the  dt  lamination  theory  is  overwhelming.  As  the  paper  by 
Teixeira  et  ol.  [21]  on  wear  of  single-phase  metals  shows,  tlie  wear  rate  of 
solid  solutions  decreases  with  solute  content*.  This  decrease  in  the  wear  rate 
is  due  to  the  increased  hardness  and  the  consequential  decrease  in  the  coeffi- 
cient of  friction.  The  increase  in  hardness  of  single-phase  metals  decreases 
the  rate  of  plastic  deformation  and  the  decrease  In  the  frictional  coefficient 
results  in  crack  propagation  at  a shallower  depth  and  a lower  crack 
propagation  rate.  The  relative  importance  of  hardness  and  of  the  number  of 
crack  nucieation  sites  is  more  dramatically  illustrated  by  studies  of  precip- 
itation hardened  two-phase  metals.  The  maximum  wear  resiatance  is 
exhibited  by  a metal  that  still  has  coherent  precipitates  rather  than  by  a 
specimen  which  has  a higher  hardness  but  which  has  incoherent  precipitates 
[22] . Tliis  shows  that  the  hardiiew  alone  is  not  a good  measure  of  wear 
resistance.  The  importance  of  crack  nucieation  is  further  illustrated  by 
considering  the  wear  of  internally  oxidized  copper  [23] . In  these  me^s  the 
particle-matrix  Interface  is  equivalent  to  pre-existing  crooks,  since  the 
bonding  between  the  particles  and  the  matrix  is  extremely  poor.  Therefore, 
although  the  hardneM  increases  with  the  volume  fraction  of  internally 
oxidized  particles  in  the  copper  matrix,  the  wear  rate  also  increases  owing  to 
the  increase  in  the  number  of  pre-existing  cracks  and  to  the  decrease  in  the 
distance  that  a crack  must  propagate  to  link  up  with  other  cracks,  Therefore 
the  crack  propagation  rate  controls  tiie  wear  rate  in  these  metals. 

It  should  be  noticed  that,  if  the  mechanism  of  crack  propagation 

*ThU  ti  tru*  only  If  the  solute  dots  not  wgrtRsU  at  irsln  boundwlM  and  doe#  not 
Ihua  lowar  the  ductility. 
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parallel  to  the  surface  la  not  operative,  wear  particles  will  still  form  when  a suf- 
hcient  number  of  adjacent  cracks  are  nucleated  and  make  the  substrate  weak. 
This  will  be  the  cane  when  the  coefficient  of  friction  is  very  low  and/or  when 
limited  plastic  deformation  occurs.  Then  the  wear  particles  formed  by  this 
process  of  crack  nucleation  will  not  necessarily  be  flat.  The  wear  rate  for 
this  case  will  be  smaller  than  when  cracks  can  propagate. 

Crack  propagation 

There  are  three  important  questions  related  to  crack  propagation  in 
deiamination  wear. 

(1 ) Why  is  the  wear  rate  (equivalent  to  the  crack  propagation  rate)  in 
steady  state  wear  proportional  to  the  distance  slid  when  the  total  length  of 
each  crack  is  actually  changing  with  the  distance  slid? 

(2)  What  determines  the  depth  at  which  crack  propagation  occurs? 

(3)  When  do  cracks  propagate  parallel  to  the  surface  rather  than 
perpendicular  to  the  surface? 

These  questions  are  answered  by  the  linear  fracture  mechanics  analysis  of 
crack  propagation  given  by  Fleming  and  Suh  (24]  in  one  of  the  companion 
papers. 

The  stress  analysis  given  by  Jahanmir  and  Suh  [16]  shows  that  the  sub- 
surface in  front  of  the  moving  asperity  is  in  a plastic  state,  while  the  region 
behind  it  is  in  an  elastic  state.  Furthermore,  the  crack  tip  is  in  compression 
in  most  of  the  plastic  region  and  is  in  tension  in  the  elastic  region  l^hind  the 
slider.  Therefore,  ignoring  the  compressive  region,  a linear  elastic  fracture 
mechanics  analysis  can  be  applied  to  the  crack  tip.  The  crack  propagation 
rate  is  always  constant  regaklless  of  the  total  crack  length,  because  only  that 
portion  of  the  crack  which  is  in  the  tensile  region  contributes  to  the  stress 
concentration  and  to  crack  tip  opening  and  it  thus  controls  the  crack 
propagation  rate.  The  analysis  shows  that  the  stress  intensity  factors  reach 
maximum  values  at  a finite  distance  below  the  surface,  indicating  that  the 
cracks  located  at  this  depth  will  propagate  faster  than  those  at  other 
locations.  It  is  alio  signifleont  to  note  that  the  depth  increases  as  the  fric- 
tional force  increases.  Therefore,  it  may  be  concluded  that  the  increased 
wear  rate  observed  at  a higher  Mctional  coefficient  is  due  to  the  thicker 
wear  particles  and  is  also  due  to  the  faster  crack  propagation  rate. 

The  phenomenon  of  seizure  which  occun  when  a sliding  interface  is 
deprived  of  a lubricant  can  be  explained  in  terms  of  the  delamination  theory 
of  wear.  In  a geometrically  confine  I (l.e.  stiff)  system  the  tangential 
component  of  the  surface  traction  increases  suddenly  when  lubricants  are 
depleted.  Consequently,  large  thick  wear  particles  will  be  generated,  which 
may  be  wedged  in  the  confined  space  available  at  the  Interface  and  may 
mechanically  lock  the  interface. 

Cracks  propagate  parallel  to  the  surface  even  thou|^  both  an  isotropic 
homogeneous  elastic  solid  and  an  elastoplastic  solid  experience  the  maximum 
normal  stress  behind  the  asperity  contact  parallel,  rather  than  perpendicular, 
to  the  surface  (Fig.  3).  One  reason  for  this  is  that  the  imperfections  at  the 
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surface  close  very  easily  under  the  shearing  action  in  front  of  and  under  the 
sliding  asperity.  Furthermore,  the  state  of  the  normal  stress  component 
parallel  to  the  surface  changes  from  tension  to  compression  a short  distance 
away  from  the  surface,  which  prevents  ‘’surface  cracks"  from  growing  very 
deep.  In  contrast,  a subsurface  crack  parallel  to  the  surface  experiences  a 
compression- tension  cyclic  loading  each  time  an  asperity  passes  over  the 
surface,  which  causes  the  crack  to  propagate  a short  distonce.  The  stress 
concentration  at  these  crack  tips  can  be  large  owing  to  the  finite  length  of 
the  crack  in  the  tensile  region.  For  these  reasons,  in  elastoplastic  solids  cracks 
can  propagate  parallel  to  the  surface.  Even  in  extremely  brittle  solids  cracks 
may  propngate  parallel  to  the  surface  if  subsurface  defects  exist  in  the  form 
of  microciacks.  However,  in  the  absence  of  significant  subsurface  defects 
cracks  in  a brittle  solid  grow  preferentially  from  the  surface  because  defects 
are  more  prevalent  at  the  surface  and  the  normal  stress  parallel  to  the  surface 
is  maximum  at  the  trailing  edge  of  the  asperity-  surface  contact. 

The  analysis  given  by  Fleming  and  Buh  [24]  is  deficient  in  that  it  does 
not  take  into  account  the  variation  in  flow  stress  and  that  the  values  for  the 
surface  traction  must  be  assumed  a priori.  An  explicit  determination  of  the 
latter  cannot  yet  be  made  from  first  principles  for  reasons  cited  in  an  earlier 
section.  The  analysis  is  valuable,  however,  since  it  explains  a number  of 
experimentally  observed  phenomena  in  addition  to  the  crack  propagation 
mechanics  discussed,  e.g.  it  is  clear  why  the  wavineos  of  a sliding  surface 
used  in  a geometricidly  confined  system  can  accelerate  the  wear  rate.  It  was 
shown  by  Suh  and  Nagao  [9]  that  the  increase  In  surface  traction,  especially 
the  tangential  component,  can  create  tliicker  wear  particles  and  can  cause  a 
change  In  the  wear  rate. 

Wear  particie  generation  and  the  rate  limiting  process 

Wear  particles  are  generated  when  a subsurface  crack  breaks  through  to 
the  surface.  Since  tl,d  propagating  end  of  the  crack  (/.e.  the  crack  tip  at 
which  the  stress  Is  maximum)  is  always  situated  behind  the  moving  asperity, 
the  crack  reaches  the  surface  after  the  asperity  moves  over  the  crack. 
Consequently,  the  wear  particle  always  lifts  up  from  the  surface  so  that  the 
underside  is  facing  the  direction  opposite  to  the  slider  motion  (Fig.  4).  This 
direction  is  opposite  to  that  of  simUor  flat  particles  formed  by  the  deformed 
asperities  and  thus  enables  an  easy  separation  of  particles  formed  by  sub- 
surface crack  propagation  from  those  formed  by  deformed  asperities. 

In  research  on  wear,  a knowledge  of  the  rate  determining  process  is  the 
key  to  the  understanding,  prediction  and  minimising  of  wear.  In  such  metals 
os  intemilly  oxidised  copper  which  have  pre-existing  cracks,  the  rate 
determining  process  is  oleor.y  the  crook  propagation  rate  once  the  surface 
traction  is  fixed  by  experimental  conditions  and  by  the  materials.  However, 
the  wear  rates  of  pure  elements  and  of  solid  solutions  ore  Initially  controlled 
by  the  deformation  rates  which  are  controlled  by  hardness  and  the  flriction 
force.  The  fHotionol  force  is  in  turn  controlled  by  adhesion  and  by  a flow 
stress  parameter  that  is  probably  related  to  hardiness.  There  can  be  deviations 
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Fig,  4.  Watr  ihaat  forimtion  In  an  Iron  volld  aolutkm.  Note  that  th«  ahaat  la  lifting  up 
oppoalte  to  the  allding  diractlon.  ('nia  allding  diraotiun  it  from  right  to  laft.) 

from  thit  if  impuritlc*  segregette  to  the  grain  boundaries  and  if  the  stacking 
fault  energy  is  significantly  affected  by  the  alloying  elements.  Once  cracks 
nucleate  in  these  ntetals,  the  surface  traction  will  determine  those  cracks  that 
will  propagate  the  fastest.  Tiierefore,  in  the  case  of  solid  solutions  and  pure 
elements,  the  rate  of  any  of  the  steps  involved  in  delamination  wear  can 
strongly  affect  the  wear  rate.  However,  the  relative  importance  of  each  step 
in  this  process  cannot  be  specified  quantitatively  a priori,  In  between  these 
extreme  wear  behaviors  of  single-phsae  metals  and  of  internally  oxidized 
metals  lie  the  behaviors  of  precipitation  hardened  alloys.  In  the  materials 
tested  by  Jahanmlr  et  al,  [26]  and  by  Saka  c(  aL  [22] , the  crack  propagation 
rate  again  setims  to  be  the  phenomenon  that  controls  the  wear  rate,  since  the 
number  of  cycles  required  for  crack  nucieation  is  much  smaller  than  that 
required  for  crack  pro{.iagation.  When  the  metals  ue  so  hard  that  gross 
pltstlc  deformation  does  not  occur  under  the  applied  load,  the  crack 
nucieation  rate  may  become  the  rate  determining  prooeu. 

Dislocation  dynamics  and  sliding  wear 

In  the  original  paper  on  the  delaminatlon  theory  of  wear  [1]  one 
postulate  concerned  the  possibility  that  there  might  be  a "dislocation 
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depleted  zone"  near  the  worn  surface.  This  aspect  has  been  a source  of 
controversy,  as  evidenced  by  the  papers  of  Hirth  and  Rigney  [14]  and  of 
Ruff  [27] . An  attempt  will  be  made  here  to  clarify  what  is  known  about 
this  problem  and  to  determine  where  further  clarification  is  required. 

Suh  speculated  that,  since  fresh  surfaces  free  from  a coherent  oxide 
layer  may  be  generated  when  asperities  move  over  a soft  surface  under  a 
heavy  load,  generated  dislocations  may  experience  sufficient  image  forces  to 
lie  pulled  out  of  the  surface.  Consequently,  there  may  be  a finite  layer  (less 
than  1 uni  in  typical  commercial  grade  metals)  in  which  the  dislocation 
density  is  lower  than  that  in  the  layer  below  it.  Such  a layer  may  undergo 
large  plastic  deformation  without  flracturing,  since  normal  fracture  mech- 
anisms  which  depend  on  dislocation  Interactions  may  not  be  operative.  I'here 
is  evidence  that  dislocations  do  indeed  experience  such  a force  (e.g.  see  ref. 
28)  and  that  there  can  be  a flow  streu  gradient  near  a deformed  surface,  as 
shown  by  Fourie  and  Dent  [29] , who  found  the  surface  to  be  softer  than 
the  bulk,  In  contrast,  Kramer  [30]  claims  that  the  surface  is  harder. 

Hirth  and  Rigney  [14]  advanced  the  argument  that  the  surface  can  be 
either  softer  or  harder  than  the  substrate,  depending  on  the  stacking  fault 
energies  Involved,  Ruff  [27, 31]  conducted  electron  channeling  experiments 
with  copper  and  with  high  pudty  iron  and  concluded  that  the  residual  strain 
is  highest  at  the  surface  rather  than  at  the  subsurface.  The  channeling  exper- 
iment may  not  be  a conclusive  measure  of  the  flow  stress  of  metals  near  the 
surface  for  two  reasons.  First,  the  dislocation  density  reaches  a "saturation'* 
value  at  relatively  low  strain  vis-&-vis  the  strains  encountered  in  sliding  wear. 
The  dislocation  dynamics  responsible  for  the  flow  of  metals  after  the 
dislocation  density  has  reached  a saturation  value  is  not  yet  known.  There- 
fore, there  is  no  way  of  extrapolating  these  residual  strain  moMurements  to 
the  actual  flow  stress  existing  under  sliding  situations.  Second,  there  is  a 
question  of  how  effective  an  electron  channeling  experiment  is  when  a sur- 
face is  mode  up  of  a composite  layer,  as  discussed  earlier. 

Van  Oijok's  experiments,  which  showed  that  the  worn  surface  of  metals 
consists  of  fine  grains  of  250  - 600  A,  indicate  that  such  metals  should  have 
a iugh  yield  stress  at  the  onset  of  plastic  deformation  [17] . However,  these 
fine  grained  metals  alro  show  plastic  Instability  at  small  strains  under  normal 
tensile  loading  conditions,  with  subsequent  plastic  deformation  at  low  stress 
[32] . Whether  the  fact  that  the  flrlotional  force  of  metal  specimens  plated 
with  a very  thin  layer  of  a softer  metal  decreases  from  a high  value  during 
the  early  stage  of  wear  to  a lower  value  at  steady  state  is  related  to  this 
behavior  of  small  grained  metals  is  not  known.  However,  it  offers  an  Interest- 
ing possibility. 

The  behavior  of  dislocations  near  a surface  still  requires  further  under- 
standing and  cl(;rificBtion.  It  Is  unlikely  that  the  controversies  Involved  can 
be  resolved  in  the  near  future  (n  view  of  the  difficulties  involved  in  perform- 
ing definitive  experiments.  Even  the  hardness  tests  performed  In  the  past 
may  be  unreliable  in  that  the  flow  of  metals  under  sliding  conditions  occurs 
parallel  to  the  sliding  direction,  whereas  this  is  not  the  case  for  the  flow 
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under  an  Indenter.  This  is  an  important  isaue  when  the  metal  near  the  surface 
is  highly  oriented,  with  its  slip  planes  nearly  parallel  to  the  surface. 


The  effect  of  sliding  speed 

As  the  sliding  speed  increases,  the  interface  temperature  increases  [33] . 
Tlie  consequences  of  this  temperature  rise  are;  the  decrease  in  the  flow  stress 
of  metals;  the  formation  of  different  oxide  layers  on  the  surface,  which 
change  the  surface  traction;  phase  transformations;  and/or  increased  diffu- 
sion across  the  contact  interface.  The  experimental  results  presented  by 
Saka  etal.  [33]  indicate  that  the  effect  of  these  changes,  except  perhaps 
the  effect  of  the  increased  diffusion  rate,  may  only  be  changes  in  the  details 
of  delamination  wear  (e.g,  where  the  cracks  nucleate  etc.)  rather  than 
deviations  from  the  fundamental  mechanisms  postulated  by  the  delaminailon 
theory  of  wear.  This  is  in  contrast  to  the  notion  advanced  by  Quinn  [34] 
that  the  wear  rate  is  equal  to  the  oxidation  rate  in  hlgli  speed  sliding. 


Sliding  wear  of  non-metals 

The  delamination  theory  of  wear  is  applicable  to  all  materials  in  which 
subsurface  crack  nucleation  and  propagation  mechanisms  ore  operative. 

Swain  [11]  showed  that  alumina  can  wear  by  delamination.  It  is  very 
likely  that  thermoplastics  with  inclusions  also  wear  by  the  mechanisms 
postulated  by  the  delamlnatlon  theory,  whereas  glassy  thermosetting  plastics 
fail  through  crack  nucleation  at  the  surface  and  pure  thermoplastics  fail 
either  by  surface  melting  or  by  continuous  deformation.  When  the  material 
is  highly  anisotropic  and  when  plastics  ore  reinforced  by  large  diameter  fibers, 
the  stress  field  and  the  mechanisms  of  crack  nucleation  and  propagation  may 
be  significantly  different  [35] . 


The  effects  of  lubricants  on  sliding  wear 

Lubricants  are  applied  either  to  eliminate  or  to  minimise  metal-to-metal 
contacts.  This  reduces  the  tangential  component  of  tfic  surface  traction  and 
distributes  the  normal  load  over  a larger  surface  area  (in  the  cose  of  hydro- 
dynamic  lubrication)  and  thus  reduces  the  wear  rate  signiftoantly.  When  the 
applied  normal  load  is  very  small,  gross  plastic  deformation  may  be  entirely 
eliminated.  In  this  case,  wear  may  be  due  to  microplastic  deformation,  to 
crack  nucleation  through  dislocation  pile-up  in  hard  metals,  and  to  the 
formation  c'  adhesive  junctions. 

Ohemical  reaction  between  the  additives  in  lubricants  and  the  metal 
surface  is  also  possible.  The  formation  of  hard  layers  (e.^.  sulfide  and  oxide) 
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on  the  metal  suiface  has  been  discussed  [36]  and  the  glassy  behavior  of 
lubricants  in  elastohydrodynamlc  lubrication  has  been  considered  [37]. 
However,  the  effects  of  these  on  wear  have  not  been  established.  One  of  the 
in  (.cresting  possibilities  investigated  at  MIT  is  preferential  chemical  reaction 
between  constituents  of  the  lubricant  and  the  heterogeneously  deformed 
metal  surface  (with  high  strain  energy).  In  multi-phase  metals  it  is  reasonable 
to  expect  heterogeneous  deformation  owing  to  the  difference  In  basic  nature 
of  each  phase  and  their  differing  crystallographic  orientations.  On  unloading, 
the  residual  stress  distribution  wilt  be  highly  heterogeneous.  Therefore,  any 
chemical  reaction  that  cun  occur  between  the  lubricant  and  the  deformed 
metal  surface  will  occur  fastest  at  the  regions  of  highest  strain  energy.  When 
the  reaction  product  is  not  mechanically  compatible  with  the  original  matrix, 
cracks  may  form. 


Wear  under  combined  loading 

Ihe  possibility  that  the  Initial  phase  of  fretting  wear  may  be  caused  by 
the  delamination  process  was  discussed  by  Sub  [1] , Waterhouse  and  Taylor 
[12]  and  van  Leeuwen  [38] . One  of  the  basic  questions  often  asked  in  this 
area  is;  "where  do  the  cracks  form  — at  the  surface  or  at  the  subsurface  ? ’’ 
The  answer  to  this  question  depends  on  the  state  of  stress  and  on  the  relative 
displacement  between  the  surfaces  In  contact.  When  a bending  type  of 
fatigue  loading  Is  applied  to  a shaft  and  the  stress  exerted  by  the  inner  race 
of  a bearing  reinforces  the  maximum  bending  stresc.,  cracks  can  nucleate 
perpendicular  to  the  surface  near  the  ends  of  the  Inner  race-shaft  contact 
area.  However,  if  there  is  a large  relative  displacement  between  the  two 
surfaces,  cracks  may  form  at  the  subsurface  parallel  to  the  surface. 

When  the  bending  stress  and  the  stress  applied  by  the  contact  do  not 
reinforce  each  other  in  any  substantial  way  and  if  the  crack  propagation  rate 
determines  the  fatigue  life,  then  the  fatigue  life  under  such  a combined 
loading  is  essentially  independent  of  wear.  This  latter  case  is  reported  in  the 
companion  paper  by  Nogao  et  al,  [39] . 


Conclusions 

(1)  ITie  experimental  and  analytical  work  done  to  date  supports  the 
postulates  of  the  delaminatkon  theory  of  wear  for  the  sliding  wear  of  metals 
and  other  plastically  deforming  solids. 

(2)  Tha  wear  rate  of  metals  may  be  predicted  lir  the  near  future,  based 
on  first  principles  and  fundamental  material  properties. 

(3)  Further  work  needs  to  be  done  to  provide  a more  complete 
description  of  the  behavior  of  metaia  near  the  surface  and  of  the  exact 
mechanisms  of  load  transmission  at  asperity-surface  contact  points. 
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Summary 

An  analyalB  of  the  mechanici  of  void  nucleatlon  around  subsurface  hard 
particles  during  delamination  wear  Is  presented.  The  analysis  is  based  on  the 
state  of  subsurface  stress  and  the  accumulation  of  plastic  deformation  after 
each  passage  of  a slider  asperity.  It  is  shown  that  voids  can  only  nucleate  in  a 
small  region  below  the  sliding  contact  and  that  the  depth  of  this  region 
increases  with  increases  of  both  the  normal  load  and  the  friction  coefficient. 
Under  a given  situation,  voids  first  nucleate  in  a small  region  below  the  sur- 
face after  1 • 10  asperity  passes.  During  subsequent  passes  void  nucleatlon 
becomes  possible  (leeper  below  the  surface.  The  number  of  passes  required 
for  void  nucleatlon  at  a given  depth  is  found  to  decrease  with  increasing  fric- 
tion coefficient.  The  analysis  Indicates  that  either  void  nucleatlon  or  crack 
propagation  can  control  the  wear  rate  depending  on  the  materials  and  the 
sliding  conditions. 


Introduction 

In  previous  publications  by  the  authors  [1-3  ) sliding  wear  of  metals 
was  shown  to  occur  by  the  process  of  delamlnatlon.  llie  delamination  wear 
process  consists  of  plastic  deformation  of  a surface  layer  of  finite  thickness, 
of  void  nucleatlon  and  of  crack  propagation  below  the  surface.  It  was 
reasoned  that  voids  around  either  inclusions  or  hard  second-phase  particles 
could  nucleate  only  below  a certain  depth  from  the  surface  owing  to  the 
large  hydrostatic  pressure  near  the  asperity  contact  and  only  above  some 
other  depth  owing  to  the  decrease  in  streu  and  deformation  with  distance 
from  the  contact. 


*Pr«t«nt  sddms!  Dspsitimtit  of  Mechsnlesl  Enslnstrins,  Univsrslty  of  Osllfornli, 
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'ITie  purpose  of  this  paper  is  to  analyze  the  mechanics  of  crack  nuclea- 
tion  around  hard  cylindrical  inclusions  as  a first  step  in  understanding  the 
crack  nucleation  process.  The  analysis  is  based  on  the  assumption  that  voids 
nucleate  by  separation  of  the  matrix  from  the  particle  when  the  radial  stress 
component  exceeds  a critical  tensile  stress.  Such  an  assumption  is  reasonable 
when  the  inclusions  are  large  enough  to  satisfy  the  energy  criterion  for  crack 
nucleation. 

'Fhe  results  of  the  analysis  support  the  original  predictions  of  the 
dclamination  theory  of  wear,  They  show  that  cracks  should  Indeed  nucleate 
a finite  distance  below  the  surface  and  that  the  location  of  possible  crack 
nucleation  sites  la  affected  bv  the  magnitudes  of  the  normal  and  tangential 
farces  at  the  asperity  surfaci!  contact.  The  analysis  is  also  used  to  determine 
the  number  of  asperity  passes  required  for  void  nucleation  and  to  determine 
whether  void  nucleation  or  crack  propagation  is  the  controlling  mechanism. 
(The  mechanics  of  crack  propagation  are  analyzed  in  the  companion  paper 
141.) 

The  results  obtained  In  this  paper  cannot  be  extended  to  the  case  of 
single- phase  metals  with  no  inclusions.  However,  the  results  are  relevant  to 
many  commercially  pure  metals  since  Inclusions  are  often  present  in  these 
metals.  Even  if  the  crack  nucleation  occurs  owing  to  dislocation  interactions, 
the  basic  argument  regarding  the  effect  of  hydrostatic  pressure  on  crack 
nucleation  may  still  bo  valid. 


Review  of  the  literature  on  void  nucleation 

The  mechanics  of  void  nucleation  from  inclusions  or  hard  particles 
during  sliding  wear  have  not  been  studied  previously.  However,  the  void 
nucleation  process  in  uniaxial  tension  or  in  pure  shear  testing  has  been  the 
subject  of  extensive  investigations,  both  theoretical  and  experimental. 
Although  the  state  of  stress  and  strain  In  wear  is  different  from  that  found  in 
uniaxial  testing,  some  similarities  in  void  nucleation  have  been  observed  [5] . 
Therefore  a review  of  the  literature  on  void  nucleation  in  simple  testing  is 
instructive  in  understanding  and  analyzing  the  void  nucleation  process  in 
delamination. 

Some  recent  reviews  of  the  subject  are  given  by  Mogford  [6] , Rosenfield 
[7  J , Rogen  [8]  and  Argon  etal.  [9] . Although  the  process  ia  not  yet 
completely  understood,  some  facts  are  clear.  The  experimental  results 
indicate  that  voids  nucleate  from  hard  particles  by  either  particle-- matrix 
separation  or  by  particle  fracture.  Generally,  matrix- particle  separation  is 
the  mode  if  the  particles  are  equiaxed  and  particle  flraoture  is  the  mode  for 
elongated  particles.  Here  only  equiaxed  particles  are  considered. 

Previous  Investigations  on  void  formation  around  an  equiaxed  particle 
can  be  grouped  into  three  categories  according  to  tlie  criterion  used  for  void 
formation,  namely  the  energy  criterion,  the  local  stress  criterion  and  the 
local  strain  criterion.  Ourland  and  Plateau  [10]  proposed  that  voids  at  the 
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iiiU’rface  tan  form  when  the  locally  concentrated  elastic  strain  energy,  which 
could  be  released  upon  decohesion,  becomes  comparable  with  the  energy  of 
the  surfaces  to  be  generated.  A more  recent  and  complete  analysis  of  Tanaka 
et  al.  [11]  shows  that  in  a purely  clastic  situation  the  energy  criterion  is 
always  satisfied  for  particles  larger  than  25  nm  (250  A)  when  the  stress 
almost  reaches  the  yield  stress.  However,  in  many  instances  much  larger 
particles  have  btien  observed  to  remain  attached  to  the  matrix  even  at  strains 
much  larger  than  the  yield  strain.  Thus  the  energy  criterion  is  a necessary  but 
not  sufficient  condition.  It  follows  that  for  very  small  particles  (smaller  than 
25  nm)  void  nucleatlon  becomes  very  difficult  since  the  energy  criterion  is 
not  satisfied. 

Since  the  energy  requirement  is  not  a sufficient  condition,  some  local 
stress  or  local  strain  criterion  must  l>o  satisfied  before  void  nuclcation  is 
possible.  Stroh  |12  ■ 13|  analyzed  void  nuclcation  by  considering  local 
stress  concentrations  due  to  dislocation  pile-ups  at  inclusions  (this  idea  was 
proposed  by  Zener  [14] ).  However,  this  mechanism  cannot  be  responsible 
for  void  formation  In  metals  with  moderate  flow  stress  at  moderate  temper- 
atures, since  the  ease  of  secondary  slip  makes  the  development  of  high 
stresses  very  difficult.  Ashby  [16]  Introduced  a stress  criterion  based  on  a 
dislocation  model  for  void  nucleation  in  which  it  is  considered  that  the 
dislocations  generated  by  primary  slip  interact  with  the  dlHlocations  generat- 
ed by  secondary  slip  at  particles.  These  interactions  form  reverse  pile-ups 
and  can  build  up  to  cause  a large  tensile  interfacial  stress  at  the  particle  - 
matrix  Interface.  Ashby’s  dislocation  model  was  later  modified  by  Brown 
and  Stobba  [16]  to  include  an  energy  argument  for  void  nucleation. 

McClintock  117] , in  considering  an  elastic- plastic  continuum  analysis 
of  stress  distribution  around  (lylindrical  inclusions  in  anti-plane  shear,  found 
that  large  strain  concentrations  can  develop  around  rigid  inclusions  in  a non- 
hardening  matrix.  He  therefore  suggested  a local  strain  criterion  or  a criterion 
which  is  a mixture  of  a local  interfacial  shear  strain  and  a local  Interfacial 
tensile  stress. 

The  above  review  on  the  criteria  for  void  nucleation  indicates  that,  for 
void  nucleation  from  hard  particles  in  a deforming  matrix,  the  energy 
(Titorion  must  be  satisfied  and  a tensile  itreii  larger  than  the  interfacial 
strength  must  be  developed.  Since  the  energy  criterion  is  always  satisfied  for 
large  particles,  the  stress  criterion  becomes  the  necessary  and  sufficient 
condition  for  such  particles.  (Since  the  strain  criterion  has  not  been  develop- 
ed to  a point  that  can  be  implemented,  it  is  assumed  that  the  stress  criterion 
is  a sufficient  condition. ) 

In  the  analysis  of  interfacial  tensile  stress  development,  two  methods 
can  be  used.  Which  one  Is  preferable  depends  on  the  size  of  the  particles.  For 
particles  amaller  than  1 jutn,  the  dislocation  analysis  of  Ashby  is  suitable, 
whereas  for  larger  particles  continuum  mechanics  is  simpler  and  more 
appropriate  since  the  slip  plane  spacing!  are  much  smaller  than  1 pm.  Several 
continuum  mechanics  anolyiet  of  void  nucleation  have  been  published. 

Huang  [18]  analyzed  the  stresses  around  a rigid  cylindrical  inclusion 
embedded  in  an  elastic  power  law  hardening  matrix  subjected  to  pure  shear. 
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He  found  a maximum  Interfacial  tensile  .stress  which  was  independent  of 
boundary  shear  strains.  However,  physicaliy  this  stress  must  depend  on  the 
boundary  shear  strain.  Orr  and  Brown  1 19]  found  an  interfaciai  tensile  stress 
which  depended  on  the  boundary  shear  strains.  Their  soiution,  which  was 
obtained  for  a ri^id  Inclusion  in  an  elastic- plastic  non-hardening  and  in  a 
linearly  hardening  matrix,  did  not  reach  a steady  state  value  and  the  inter- 
facial  tensile  stress  increased  continuously  with  the  boundary  shear  strain. 
The  difficulties  Involved  with  these  two  solutions,  Ln.  boundary  shear  strain 
independent  stress  in  Huang’s  solution  and  the  lack  of  a steady  state  in  Orr 
and  Brown's  solution,  indicate  that  these  solutions  are  not  accurate  and 
cannot  be  useful. 

Argun  et  al.  [9,  20,  21]  analyzed  the  process  of  void  nucleation  around 
rigid  inclusions  of  circular  cross  section  embedded  in  an  elastic-plastic 
matrix  in  plane  strain  subjected  to  pure  shear  and  superposed  hydrostatic 
tension.  They  demonstrated  that  the  interfaciai  tensile  stress  must  be 
limited  by  two  solutions.  Following  Rhee  and  McClintock  |22],  an  upp<'r 
bound  solution  was  found  by  assuming  the  matrix  to  be  incompressible  and 
linearly  hardening  (with  zero  yield  stress),  and  a lower  bound  solution  was 
found  for  an  elastic  perfectly  plastic  matrix.  The  two  limiting  solutions 
yielded  very  close  results  and  they  concluded  that  the  maximum  interfaciai 
tensile  stress  due  to  pure  shear  at  the  boundary  is  equal  to  the  yield  strength 
of  the  material.  They  also  suggested  that  the  hydrostatic  tension  component 
of  the  stress  may  be  superposed  on  the  interfaciai  tensile  stress  or 

"rr  ">(«"'’)  + "h  (1) 

where  a„  is  the  maximum  Interfaciai  stress,  y(c  '')  is  the  yield  strength  of  the 
material  and  Ch  is  the  hydrostatic  stress.  Void  nucleation  is  then  possible  if 
<i,r  roaches  the  particle  -matrix  bond  strength. 

From  the  above  criterion  it  follows  that  void  nucleation  can  be  retarded 
if  the  particle-  matrix  bond  strength  Is  increased.  It  has  been  shown  that  the 
particle-matrix  adhesion  can  be  increased  by  a small  addition  of  on  alloy  to 
the  matrix,  which  increases  the  ductility  [23,  24] . (Ductility  is  controlled 
by  void  nucleation  around  particles  and  by  void  coalescence. ) 

Kquation  (1)  indicates  that  voids  can  nucleate  more  easily  if  a hydro- 
static tensile  stress  Is  present  and  that  void  nucleation  can  be  suppressed  in 
the  presence  of  a hydrostatic  compressive  stress.  Sufficient  experimental 
results  have  been  published  to  show  that  in  fact  void  nucleation  is  suppressed 
in  the  presence  of  a large  hydrostatic  pressure  [26  - 27]  and  that  ductility 
under  uniaxial  testing  [28]  or  under  shear  deformation  [29]  can  be  increas- 
ed by  superimposing  a large  hydrostatic  pressure. 


Stale  oi  stress  under  a sliding  contact 

The  investigations  on  void  n leatlon  from  hard  particles  reviewed  in 
the  last  section  were  all  for  uniaxial  tension  or  pure  shear  loading.  The  state 
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ol'  stress  under  a sliding  contact,  however,  is  very  complex.  Before  the  process 
of  void  nucleation  in  delamination  can  be  analyzed,  the  state  of  stress  below 
the  surface  must  be  determined. 

No  exact  solution  exists  for  an  elastic- plastic  solid  subjected  to  sliding 
at  the  surface.  However,  an  approximate  solution  for  an  elastic  perfectly 
plastic  half-space  is  given  by  Merwin  and  Johnson  [30]  and  Johnson  and 
Jeffries  [31] . This  method  of  solution,  which  is  described  in  the  Appendix, 
gives  the  state  of  stress,  the  residual  stresses  and  the  residual  strains  during 
steady  state  sliding  of  an  elastic  perfectly  plastic  half-space  against  a rigid 
stationary  plane  contact,  as  sketched  in  Fig.  1.  The  cartesian  coordinate  axes 
in  Fig.  1 are  fixed  in  the  stationary  body  and  the  maximum  applied  normal 
and  tangential  stresses  at  the  contact  ate  designated  Po  and  ijo,  respec- 
tively. In  order  to  find  the  state  of  stress  in  the  moving  plane,  pn  and  qo 
must  be  first  specified. 

It  is  well  established  that  in  the  sliding  of  two  surfaces  with  applied 
normal  and  tangential  loads  N and  T,  the  contact  is  made  at  asperities  of  the 
two  surfaces  (Fig,  2(a)).  In  order  to  simplify  the  problem,  it  can  be  assumed 
that  the  lower  surface  is  smooth  and  Uiat  the  upper  surface  is  rough* 


(b) 


Kig.  1.  A mud«l  of  a contact  batwaan  a atationary  rigid  aaparlty  and  a moving  alactic 
parfactly  plastic  half-tpaca. 


Fig.  2.  Contact  of  two  sliding  surfacas:  (a)  a physical  modal;  (b)  an  Idaalixad  modal; 
(o)  n mode*  of  a singla  contact. 


*111^  la  a raaaonabla  ataumption  alnoa  tha  aurfaca  bacomaa  vary  snsootii  during  tha 
asriy  stagai  of  sliding. 
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(Fig.  2(b)).  Therefore,  in  order  to  analyze  the  state  of  stress  in  the  lower 
plane,  one  asperity  contact  is  coitsidered,  as  in  Fig.  2(0).  The  main  problem 
is  to  find  the  stresses  ? and  Q at  the  contacts.  If  it  is  assumed  that  the 
stresses  are  the  same  at  all  contoctr,  that  all  contacts  have  the  same  area  A 
and  that  there  are  n such  contacts,  it  is  found  titat 


N « nAP  (2) 

T - nAQ  (3) 

Ihe  friction  coefficient  p is  then  found: 

u-T/tJ~Q/P  (4) 


If  adhesion  occurs  at  the  contact,  the  contact  stresses  P and  Q may  be 
found  by  a slip-line  method  proposed  by  Green  [32,  33]  (Fig.  3(a}).  In 
satisfying  the  yield  condition  at  the  contact,  a relation  l^tween  P and  Q can 
be  obtained  (Fig.  3(b)).  Green’s  analysis  applies  to  a rigid  perfectly  plastic 
material  and  Q is  llmit^  to  k,  the  yield  strengiih  in  shear.  The  problem  with 
this  solution  is  that  the  slip-lines  degenerate  to  a single  slip-line  rdong  the 
contact  for  friction  coefficients  latter  than  0.38.  This  means  that  for  large 
friction  coefficients  the  lower  body  remains  rigid,  which  is  physically  un- 
realistic. If  the  adhesion  is  “weak”  (the  contact  shear  ntren^h  is  less  than  k), 
the  maximum  Q is  lowered  further. 

If  plowing  occurs  at  the  contact,  Q can  be  larger  than  k and  the  slip- 
lines  would  not  degenerate  for  larger  friction  coefficients.  Therefore,  in  the 
contact  model  of  Fig.  2(c)  it  is  assumed  that  plowing  occurs  and  that  the 
tangential  stress  Q can  be  larger  than  k.  It  should  be  noted  that  under  this 
assumption  the  yield  condition  is  vlolaterl  very  near  the  surface  by  the 
simple  contact  configuration  assumed,  since  the  actual  surface  configuration 
cause'i  by  plowing  is  not  properly  accounted  for  in  the  analysis.  Nevertheless 
the  St.  Venant’s  principle  and  the  Merwin  and  Johnson  solution  guarantee 
that  the  yield  condition  is  satisfied  everywhere  below  the  surface  ((.e.  away 
from  the  surface). 


Fig.  3.  A slip  Una  analyiSs  of  adhasiva  contaoti  (t)  Ortan’s  slip  Una  llald)  (b)  tha  yield 
loeui  ralnting  normai  and  tsngonlisi  applied  stretaa*. 
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Tho  Merwin  and  Johnson  method  was  used  to  find  the  size  of  the 
plastically  deforming  zone  under  a contact,  Uie  state  of  stress,  the  residual 
stresses  and  the  residual  strains  during  steady  state  sliding.  The  results  for 
coses  in  which  the  local  applied  normal  stress  po  “ l<^cal  applied 

tangential  stresses  qin  ranged  from  0 to  4/t  are  given  in  Figs.  4 - 9.  The 
plastically  deformed  region  under  steady  state  sliding  is  shown  in  Fig.  4.  It 
should  be  noted  that  for  zero  friction  a state  of  shakedown  is  reached  and 
the  steady  state  deformation  is  purely  elastic.  The  size  of  the  plastic  region 
increases  with  increasing  friction  coefficient.  For  friction  coefficients  smaller 
than  0.5  the  plastic  region  is  below  the  surface,  whereas  at  larger  friction 
coefficients  the  plastic  region  extends  to  the  surface.  The  large  size  of  the 
plastic  zone  in  front  of  the  asperity  lor  large  friction  coefficient  is  surprising. 
Perhaps  this  is  due  to  the  fact  that  plowing  was  assumed  for  the  stress 
boundary  condition  but  the  displacements  for  plowing  (i.e.  raised  material  in 


Fig.  4.  Slvkdy  iiUUi  plwtic  deformstlon  rogtons  for  dirr«i«nt  friction  co«rflclcnti. 


Pig.  6.  Ths  steady  stata  xx  eomponont  of  tha  strtsi  os  a funotl  in  of  dapth  and  of  x. 
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front  of  the  asperity)  were  not  considered.  If  the  solution  were  to  allow  a 
raised  surface  in  front  of  the  contact,  stresses  would  be  relieved  below  the 
surface  in  front  of  the  contact  and  the  size  of  the  plastic  zone  would 
decrease. 

The  steady  state  components  of  stress  ‘'.w  &nd  a^y  at  various 
depths  are  given  in  Pigs.  6 - 7.  (The  coordinates  arc  described  in  Pig.  1.) 
is  ^ways  compressive,  whereas  Cyy  becomes  tensile  behind  the  contact  and 
close  to  the  surface.  This  tensile  zone  has  also  been  found  in  obtaining  a 
similar  solution  by  u finite  element  method  [34] . The  distribution  of  steady 
state  residual  stress  (o,,x)r  is  given  in  Pig.  8 for  different  friction  coefficients. 
(As  shown  by  Merwin  and  Johnson  the  only  possible  residual  stresses  are 
Oyy  and  a,,.)  Figure  8 shows  that  the  residual  stress  is  compressive  and  that 
its  magnitude  for  large  friction  coefficients  is  largest  near  the  surface. 

The  steady  state  increment  ot  shear  strain  for  each  passage  of  n 
slider  asperity  is  given  in  Pig.  9.  If  the  friction  coefficient  is  large  the 
Increment  of  shear  'itraln  Is  largest  at  the  surface.  It  should  be  noted  that 
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during  steady  state  sliding  the  only  non-zero  plastic  strain  increment  is  the 
shear  strain  which  accumulates  with  an  amount  (A.v.v)r  after  each  passage  of  a 
slider  asperity. 


Analysis  of  void  nuclcation  below  the  surface 

Since  the  state  of  stress  and  the  residual  stresses  and  strains  can  be 
obtained  for  the  case  of  steady  state  cyclic  loading,  the  process  of  void 
nucloation  from  hard  particles  can  be  analyzed  for  steady  state  delamination 
wear.  It  is  assumed  that  the  inclusions  are  larger  than  1 ^m,  that  there- 
fore the  energy  criterion  for  nucleation  is  satisfied  and  that  the  problem  can 
be  treated  by  continuum  mechanics.  It  is  also  assumed  that  a stress  criterion 
can  be  used  for  this  case,  i.e.  that  void  nucleation  from  hard  particles  occurs 
when  the  interfacial  tensile  stress  becomes  equal  to  or  greater  than  the 
particle- matrix  bond  strength.  Therefore,  the  problem  is  to  find  the  inter- 
facial  normal  stress  at  subsurface  hard  particles*. 

It  is  assumed  that  the  particles  are  cylindrical  and  rigid  and  are 
embedded  in  an  elastic  perfectly  plastic  matrix.  The  normal  stress  at  the 
particle  matrix  interface  depends  both  on  the  state  of  stress  and  on  the 
accumulated  plastic  strain.  It  Is  assumed  that  the  interfacial  normal  stress  o„ 
can  be  found  from  a superposition  of  Independently  calculated  Btresses  due 
to  applied  load  at  the  contact  and  due  to  accumulated  strain.  It  is  also 
assumed  that  the  stress  fields  around  Inclusions  do  not  interact,  i.e.  that  only 
one  inclusion  need  be  considered. 

In  order  to  find  the  stress  duo  to  the  accumulation  of  plastic  shear 
strain,  the  solution  of  Argon  etal.  [9]  for  pure  shear  is  used,  namely  eqn. 

(1).  A point  (X,  y)  is  considered  that  is  below  the  surface  and  is  subjected  to 
a shear  strain  The  point  is  then  considered  as  a small  element  with  the 
•hear  strain  applied  at  the  boundaries.  It  is  assumed  that  a rigid  cylindric- 
al particle  is  inserted  at  the  center  of  the  element  as  shown  in  Fig,  10,  TIte 
shear  strain  develops  an  interfacial  normal  stress  a„  around  the  particle, 
where  o„  is  a function  of 

"rr-W.,)  (6) 

It  is  assumed  that  during  cyclic  sliding  o„  depends  on  6yy  os  shown  in  Fig.  11 
(an  elastic  perfectly  plastic  relationship).  The  shear  attain  6^y  is  the  total 
accumulateil  strain  and  it  is  increased  by  increments  of  (6xy),  after  each 
asperity  pau.  According  to  Fig.  11,  the  nuucimum  o„  is  developed  when 

(6) 

where  11  y is  the  yield  strain  in  pure  shear  and  O is  the  elastic  shear  modulus. 

*An  stUmpt  wm  msdt  to  find  ths  Intorfsolsl  normal  liraM  around  partloUa  by 
using  a (inlU  tlamani  program.  Kowttar,  Uit  Anita  altmant  mathod  wai  found  to  bt  vary 
•xpamiva  fur  this  ptoblam  and  It  waa  diaeontinuad. 
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FIr.  10,  A rigid  cyllndrlckl  Incluilon  aubjkctad  to  pur*  ihekr  strain. 

Fig.  1 1 . Elastic  perfectly  plastic  normal  atress-shaar  strain  ourv*  for  lha  model  of  Fig.  10. 


The  number  of  glider  asperity  passes  before  the  maximum  o„  is  (ieveloped 
can  be  found  since  the  shear  strain  Increment  per  pass  (6xy)r  >t  a given  depth 
is  known  from  the  overall  analysis.  From  the  assumed  relation  between  o„ 
and  A given  in  Fig.  11  the  maximum  o„  due  to  accumulated  plastic  strain 
is  equal  to  However,  a„  depends  on  the  angular  position  6 around  the 
particle  or 

(Orr)i  “ n/5*  sin  20  (7) 

where  (o„)i  is  the  normal  interfaciai  stren  due  to  the  cumulative  plastic 
deformstlon  around  a particle  located  at  a depth  y below  the  surface. 

In  order  to  find  the  maximum  interfaciai  normal  stress  o„  due  to  the 
state  of  stress  under  the  contact,  Argon  «f  af.’s  criteria  (eqn,  (1))  may  be 
used.  However,  atreaMia  at  each  point  mutt  first  be  transformed  to  a state 
of  msudmum  shear  stress  and  hydrostatic  stress  by  using  Mohr’s  circle. 
Following  the  procedure  of  the  last  paragraph,  it  is  assumed  that  the  stresses 
act  on  an  element  and  that  a particle  is  inserted  at  the  center  of  the  element 
(Fig.  12).  Therefore,  using  eqn.  (1) 

(»rr)i  “ >/Jf  sin  2(0  - <))  + Oh  (8) 

where  is  the  maximum  shear  streu  at  the  point  (x,  y),  ^ is  the  angle 
from  the  x axis  to  the  axis  of  the  maximum  positive  shear  stress  and  O),  is  the 
hydrostatic  stress  at  vX,  y );  appears  In  the  equation  since  the  von  Mises 
yield  criterion  was  used. 


Fig.  la.  A rigid  cyllndrlosl  Inolnalon  lUbJaoUd  to  a ggnsral  itata  of  itraaa. 
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Tho  total  o„  due  to  both  the  applied  stress  and  the  accumulation  of 
plastic  shear  strain  is  found  by  adding  eqns.  (7)  and  (8).  The  maximum  o„ 
which  occurs  at  some  angle  0 “ Oo  can  be  obtained  for  each  point  (x,  y): 

(0rt)m»K  “ sin  20o  + sin  2(Oo-0)  + Oh  (9) 

As  was  shown  above,  the  number  of  slider  passages  before  (cirlnitx  ^ 
developed  at  a given  depth  is  also  determined  since  the  shear  strain  increment 
per  pass  is  known  at  that  depth, 

Equation  (9)  was  programmed  in  DGC  FORTRAN  IV  language  using 
Merwin  and  Johnson’s  method  to  calculate  the  state  of  stress  and  the  residual 
stresses  and  strains. 

The  “nominal"  stress  solution  used  in  the  Merwin  and  Johnson  method 
was  the  elastic  solution  for  elllptically  distributed  loads  at  the  contact,  from 
Smith  and  Liu  [36] , The  contours  of  constant  (ctrlmxA  found  from  eqn.  (Oy 
ore  plotted  in  Fig.  13  for  an  applied  normal  stress  at  each  asperity  contact  of 
4k  and  friction  coefficients  of  1.0,  0.5  and  0 25.  It  should  be  noted  that 
(crrlmix  » compressivo  immediately  below  the  contact  and  attains  its  largest 
values  in  front  of  the  slider,  well  below  Ute  surface. 

If  the  particle- matrix  bond  strength  is  equal  to  2k,  Fig,  13  shows  that 
the  size  of  the  region  in  which  void  nucleation  is  possible  decreases  with 
decreasing  friction  coefficient.  T’ne  size  of  the  void  nucleation  region  is 
smaller  for  a stronger  partlcle-mauix  bond.  The  figures  show  that  voids  can 
only  nucleate  well  below  the  surface  (o,,  > 2k),  which  is  consistent  with  the 
subsurface  observations  of  wear  sanriplei.  in  previous  publications  [1  - 3] , 

The  minimum  and  the  maximum  depth  of  the  void  nucleation  region  is 
plotted  in  Fig.  14  as  a function  of  the  friction  coefficient  for  applied  normal 
contact  stresses  po  of  4/r  and  &k.  The  range  of  depths  for  void  nucleation 
lncreas(.H  with  increasing  friction  coefficient  for  both  applied  normal  stresses 
but  the  voids  can  nucleate  deeper  below  die  surface  for  a larger  applied 
normal  stress.  It  1 interesting  to  observe  that,  atpo  ” 6k  and  for  a zero  fric- 
tion coefficient  ( vhicli  applies  to  a case  of  pure  rolling),  void  nucleation  is 
possible  in  a small  region.  However,  at  po  " and  for  a zero  friction  coeffi- 
cient, voids  do  not  nucleate  since  the  stresses  shako  down  to  an  elastic  state 
during  steady  sliding. 

The  depth  of  the  void  nucleation  region  > 2k)  i»  plotted  in  Fig.  15 
against  the  number  of  passes  required  to  reach  the  maximum  o„  at  each 
depth,  for  different  friction  coefficients  and  po  of  6ii  and  ik.  At  a given 
depth  as  the  fiiotion  coefficient  increases  a smaller  number  of  passes  is 
required  for  void  nucleation.  It  should  be  noted  that  voids  first  nucleate  at 
the  minimum  depths  only  after  1 > 10  asperity  passes  (depending  on  the 
friction  coefficient  and  the  normal  load);  os  the  number  of  passes  increases, 
the  void  nubleatlon  region  moves  deeper  below  the  surface. 

It  should  be  pointed  out  here  that  caicul'  ion  of  the  interfacial  normal 
stress  at  inclusions  by  superposing  that  due  to  f.he  cumulative  plastic 
deformation  and  that  due  to  the  applied  stress  violates  the  yield  criterion. 
'lliiB  violation  occurs  because  for  an  elastic  perfectly  plastic  material  o„ 
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I Pig.  13.  Conloun  of  ooniUnt  iround  «n  Inoluiion  for  coafficlanU  of  friction  of 

I 1.0,  (b)  0.3  and  (e)  0.36. 

cannot  exv^  ttie  ylold  ■!(•«,  /,«.  and  the  lolution  nuiy  not  be  correct 
for  o„  > \fik.  However,  If  the  voidii  nucleate  when  On  «•  >/^,  the  itreuei 
can  relax  and  the  yield  criterion  can  be  satiafled.  The  lolution,  however,  doe* 
indicate  that  voids  nucleate  below  the  surface  and  that  the  depth  and  the 
number  of  pa<isei  depend  on  the  friction  coefficient  and  on  the  applied 
normal  load, 
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Pll.  14,  D«pth  of  void  nucl««tlon  r«|lon  w « function  of  tha  friction  coefficient  for  two 
applied  local  normal  itracaei. 


In  th«  analyiii  of  void  nuclMtlon  it  wai  uaumed  that  the  hard  particle* 
were  rigid.  However,  in  reai  matoriali  the  particle*  have  aome  olaiticlty, 
which  would  reault  in  value*  of  a„  imaller  than  the  one*  calculated  by  the 
above  procedure. 

M waa  pointed  out  by  McGIntock  [17] , the  criterion  for  void  nuolea- 
tion  from  large  particle*  may  be  a combination  of  a local  ihear  atraln 
criterion  and  a local  Interfacial  tenalte  atreu  criterion.  In  the  above  analyai* 
it  waa  aaaumed  that  the  local  atreaa  criterion  waa  auffiolent,  Thia  aaaumption 
may  be  a good  approximation  for  equiaxed  partlclea  but  not  for  elongated 
particle*.  In  the  analyila  pf  elongated  partiolea  the  local  itrain  concentrationa 
are  large  and  void  nuoleatlon  generally  occur*  by  particle  flracture,  Therefore, 
a*  the  particlea  become  more  elongat^,  the  local  ahear  atraln  criterion  for 
void  nucleatlon  mav  become  the  dominant  criterion. 
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l>iiioua«ton  on  onok  propaipitlon 

Onc«  the  voldi  an  nuoleeted  hrom  hard  partlclai  they  will  beoome 
enlarged  with  repeated  paisea  of  the  ailder  tuperltie*.  Furthermore,  oraoki 
can  develop  from  theae  cavltlei  either  by  void  cualeioence  or  by  oraok 
propagation  between  the  voldi.  The  procew  of  void  growth  hu  been  analyit- 
ed  for  pure  ihaar  [SO] . Void  coaleioence  for  hydroatatio  tenilon  hai  alio 
been  irMlyaad  [87  • 80] . However,  the  analyili  of  thin  proceM  during 
delamination  wear  leemi  complex  and  hai  not  been  done. 
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When  the  subsurface  oratjks  reach  a certain  lengtli  (by  void  coalescence 
or  crack  propagation  between  the  voi(!s),  the  stress  intensity  factor  at  the 
crack  tip  can  become  sufficiently  large  to  propagate  the  cracks  by  some 
increment  after  each  pass  (similar  to  fatigue  crack  propagation).  Fieming  and 
fiuh  [4]  analyzed  this  process,  A maximum  stress  intensity  factor  exists 
l)ehind  the  contact  and  at  a certain  deptli  helow  the  surface,  This  may  cause 
crack  propagation  parallel  to  and  below  the  surface,  which  itas  been  observ- 
ed experimentally  (1  - 2] , 


Comparison  between  void  nucieation  and  crack  propagation 


In  materials  which  contain  hard  second-phase  particles  or  inclusions, 
void  nucleation  and  crack  propagation  must  occur  to  generate  the  wear 
sheets.  'I'herefore  it  is  of  primary  Importance  to  determine  whiiih  one  of 
these  processes  is  the  rate  controlling  mechanism.  A qualitative  comparison 
based  on  experimental  results  can  be  made  between  void  nucleation  and 
crack  propagation, 

Hubsurfaoe  observations  (1-3]  have  indicated  that,  in  general,  the 
number  of  subsurface  voids  is  far  larger  than  the  number  of  cracks.  This 
observation  together  with  the  result  of  the  void  nucleation  analysis  which 
showed  that  voids  can  nucleate  even  after  one  asperity  pass,  indicates  that 
crack  propagation  may  be  slower  than  void  nucleation  in  a material  such  os 
spheroidlzed  AISI  1020  steel.  In  order  to  check  this  conclusion  the  crack 
propagation  rate  is  calctdated  below  for  two  examples.  Although  the 
calculation  is  very  approximate  it  can  provide  some  insight  into  the  process. 

The  model  in  Fig.  16  is  used  to  determine  approximately  the  numiwr 
of  asperity  passes  required  for  wear  sheet  generation  by  crack  propagation. 
The  lower  cylinder  of  diameter  d (the  specimen)  is  rotated  at  an  angular 
speed  ui . The  upper  block  is  stationa]^  and  makes  u contact  with  a length  L 
and  a width  L It  la  assumed  that  the  specimen  wears  in  layers  with  thickness 
h and  width  L,  where  h corresponds  to  the  thickness  of  the  wear  sheets.  If 
after  ft  revolutions  n layers  wear  off  tlie  worn  volume  V per  revolution  is 
given  by 

V - nndLh/R  (10) 


If  the  asperity  contact  spacing  is  assumed  to  be  X,  the  number  of  asperities 
per  length  of  contact  is  L/X,  This  corresponds  to  the  number  of  asperity 
passes  (Mr  revolution.  Therefore  the  totd  number  of  asperity  posses  required 
for  removal  of  one  layer  of  material  la  given  by 


ft  L 
N~-~ 
n X 


(11) 


Since  the  worn  volume  V par  revolution  con  be  determined  ex(>erlmentally, 
the  number  of  layers  removed  per  revolution  can  be  calculated  from  eqn. 
(10)  if  the  thickness  of  the  sheets  and  the  sliie  L of  the  contact  is  known. 


Kl[(.  16.  A model  of  a wearing  ipeclmen. 


Then  the  number  of  aaperity  paiRos  for  removal  of  one  layer  can  be  calculat- 
ed from  eqn.  (11)  by  aasumlng  an  asperity  contact  apacing. 


Example  1 

For  an  AlSl  1020  steel  specimen  of  diameter  6.3  mm  rotating  against  a 
52100  steel  slider  under  a load  of  2.26  kg  in  air,  the  wear  rate  is  2 X 10 
m^  rev  ' and  the  friction  coefficient  is  0.5.  If  the  apparent  contact  length 
2 mm  and  the  asperity  contact  spacing  X is  assumed  to  be  100  pm  and 
the  wear  sheet  thickness  h is  2 pm,  then 


R 

n 


n(6.3X  10  »)(2  X 10  >)(2  X 10  *) 

2x""io”'^ 


400  revolutions  per  layer 


AT  - 400 


2 X 10* 
100  X 10  • 


“ 8 X 10*  asperity  passes 


Example  2 

For  the  same  material  as  in  example  1 but  tested  in  argon,  the  wear  rate 
is  7.5  X 10 ' ^*  m*  rev  ’ and  the  friction  coefficient  is  0.86.  If  L ■■  400  mm, 
/i  " 10  pm  and  X ■ 100  pm,  then 


R 

n 

N 


ff(6.3X  10  •)(4  X 10'*){10-  “) 
7.5  X 10 


1.1  X 10* 


4 X 10  * 

iooTio~« 


1.1  X 10*  revolutions  per  layer 
4X10*  asperity  passes 


The  above  examples  Indicate  that  approximately  between  10*  and  10* 
as[writy  passes  are  required  for  wear  sheet  generation.  If  only  ten  of  these 
passes  are  needed  for  void  nucleation,  the  rest,  (.«.  (10*  - 10*)  — 10  or 
approximately  10*  - 10*  passes,  are  necessary  for  crack  propagation.  In 
example  1,  if  the  length  of  the  wear  sheets  is  100  pm,  the  crack  growth  rate 
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per  cycle*  dCfdM  becomos  approximately  10  ;um  puss  ' which  is  very 
small.  For  the  second  example  d('/dN  is  about  2.6  X 10  * pm  pass  ' . 
Therefore,  the  subsurface  crack  propagation  i>roct!S8  is  the  rate  controlling 
mechanism  for  metals  in  which  void  nucloation  can  occur  readily. 


Discussion  and  summary 

The  delaminatiun  theory  of  wear  postulated  that  voids  cun  nucleate 
below  the  surface  but  not  at  the  surface  ( 1 ) . This  is  because  the  large 
hydrosbitlc  pressure  which  exists  directly  under  a contact  will  oppose  void 
formation.  However,  Incremental  plastic  deformation  which  is  largest  at  the 
surface  will  favor  void  nucleatlon.  Therefore,  voids  can  nucleate  below  a 
depth  where  the  hydrostatic  pressure  is  not  large  enough  to  suppress  void 
formation  and  above  a depth  where  the  plastic  deformation  is  insufficient  to 
nucleate  voids  around  tiio  hard  ptirticles.  Kven  though  the  analyslB  presented 
here  is  approximate,  it  shows  excellent  agreement  with  the  above  postulate 
and  with  experimental  obseivations  of  wear. 

It  was  shown  that  void  nucleatlon  is  possible  in  a region  below  the 
sliding  contact  and  that  the  size  and  depth  of  this  region  increases  with 
increasing  friction  coefficient  and  normal  load.  Under  a given  situation  voids 
first  nucleate  in  a small  region  below  the  surface  only  after  1-10  asperity 
passes.  During  subsequent  passes  void  nucleatlon  becomes  possible  at  larger 
depths  below  the  surface.  TTie  number  of  passes  required  for  void  nucloation 
at  a given  depth  wu.)  found  to  decrease  with  increasing  friction  coefficient, 
i.e.  a larger  numl>er  of  a8i)erity  passes  is  required  for  void  nucleatlon  under 
situations  where  the  friction  coefficient  is  low. 

The  analysis  indicated  that  void  formation  occurs  very  readily  around 
subsurface  ha^  particles  but  that  crack  [)ropugatlon  occurs  very  slowly. 
Therefore,  for  materials  under  wear  situations  whore  void  nucleatlon  can 
occur  easily  crack  propagation  may  be  the  rate  controlling  mechanism.  This 
Is  the  cose  for  metals  of  medium  tensile  strength  and  a large  fracture  tough- 
ness (such  as  1020  steel)  under  high  friction  situations.  However,  if  void 
nucleatlon  is  extremely  difficult  hut  crack  propagation  can  occur  easily  for  a 
given  material  under  u given  situation,  void  nucleatlon  can  become  the 
controlling  mechanism.  This  case  could  arise  for  metals  of  high  tensile 
strength  and  low  fracture  toughness  under  conditions  of  low  friction 
coefficients. 
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Appendix;  Calculation  olf  elattic-pbutic  tubiurface  atresam  in  aliding 
contacta 

Thia  appendix  de^cribea  the  method  which  wax  uaed  to  calculate  the 
atate  of  atreaa  and  the  reaidu&l  atreaaea  and  atraina  during  cyclic  aliding.  The 
procedure  waa  fiixt  developed  by  Merwin  and  Johnaon  [30]  for  rolling 
contacts  and  was  later  modified  [31]  to  be  uaed  for  sliding  contacts. 

The  general  problem  la  aimplifled  by  aHumlng  that  an  elMtlc  perfectly 
plastic  plane  slides  with  a speed  U past  a rigid  stationary  surface  which 
makes  a contact  of  length  2a.  The  analysis  is  carried  out  for  the  plane  strain 
condition.  Therefore,  in  terms  of  the  coordinate  axes  shown  in  Fig.  1 of  the 
main  text  and  associated  with  the  stationary  surface,  t,,  is  aero  and  all 
■tresses  and  strains  are  Independent  of  «. 

A britf  d*$ettpttoa  of  t/ie  prooadure 

Hie  analysis  is  performed  by  the  following  steps, 

(1)  The  steady  state  residual  stresses  and  atrains  in  the  plane  x-y  are 
auumed  to  be  seru. 

(2)  A fixed  point  in  the  plane  Is  considered  (biitially  at  x ^ and 
y " yo)-  Since  file  contact  Is  far  away  from  the  point,  the  state  of  stress  Is 


p 
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I calculated  by  superimpoiing  the  elastic  and  residual  stresses.  The  ntresses  are 

recalculated  at  this  point  as  it  moves  towards  the  contact  with  a speed  V and  i 

by  increments  of  dx.  i 

(3)  When  the  state  of  stress  at  the  point  satisfies  the  von  Mines  yieid  I 

criterion,  the  Prandtl-  Ruess  equations  are  used  to  calculate  the  state  of 

strefis  for  successive  movements  of  the  point,  assuniing  that  the  total  strains  ; I 

are  the  same  as  that  given  by  elastic  relations. 

(4)  The  Prandtl -Ruess  equations  arc  integrated  using  Oill's  modification 
of  the  Runge-Kutta  method  to  fourth  order. 

(5)  When  the  von  Mises  yield  criterion  is  not  satisfied  any  more  or  when  j 

the  rate  of  plastic  work  becomes  negative,  plastic  deformation  terminates. 

Fur  successive  movements  of  the  point,  the  state  of  stress  is  found  from  I 

I elastic  equations. 

(6)  Since  no  attempt  U made  to  satisfy  equilibrium  during  the  cycle, 

^ the  final  state  of  stress  violates  the  equilibrium  condition.  Therefore,  at  the 

i , end  of  the  cycle,  the  stresses  are  relaxed  elastically  to  satisfy  equilibrium, 

r This  procedure  may  give  non-sero  residual  stresses  and  strains. 

' (7)  Steps  2 • 6 are  repeated  for  the  same  point  using  the  residual  stresses 

i from  the  previous  cycle.  The  procedure  is  repeated  until  a steady  state  < 1 

condition  in  the  state  of  stress,  the  residual  stresses  and  the  residual  strains  is  f 1 1 

reached.  (This  is  when  the  n;sidual  stresses  and  strains  found  in  sten  (6)  are  I 


38 

not  sifpiificantly  different  front  the  residual  stresses  and  strains  at  the 
beginning  of  the  cycle.)  The  final  result  is  an  approximate  solution  of  the 
steady  state  stresses  in  a sliding  contact  at  a given  depth. 

(8)  The  sarr.e  procedure  is  followed  for  points  at  different  depths  to 
approximate  the  total  state  of  stress, 

The  preceding  method  was  programmed  in  DGC  FORTRAN  IV 
language  and  a Nova  2 mini-computer  (which  uses  32  bits  for  real  numbers) 
was  used  to  perform  the  computations.  The  procedure  is  shown  by  a flow 
chart  In  Fig.  Al.  It  should  be  noted  that  the  DGC  FORTRAN  IV  language 
used  differs  from  ANSI  FORTRAN  IV  (especially  in  its  handling  of  DATA 
statements)  so  that  the  program  may  require  modification  to  run  on  another 
computer. 

DUcuaiion  of  the  aoiution 

The  final  state  of  streu  and  the  residual  stresses  and  strains  calculated 
by  the  above  procedure  is  an  approximate  solution  for  the  case  of  steady 
state  sliding  (l.e.  when  the  residue!  stresses  become  constant  and  the  pseudo- 
residual streu  in  the  y direction  becomes  lem).  Merwin  and  Johnson 
considered  the  integration  cycles  before  a steady  state  is  reached  to  be  the 
actual  transient  solution  but  this  is  not  necessarily  correct  since  it  is  only 
a'ter  the  lut  integration  cycle  that  the  pseudo-residual  streu  In  the  y direc- 
tion approaches  zero. 

The  awumplion  of  allowing  the  total  strains  during  plastic  deformation 
to  be  Identical  with  tiie  elastic  strains  is  reasonable  for  low  friction  coeffi- 
cients (f.«.  leu  than  0.5)  since  the  region  which  contini  .y  deforms 
plutically  is  contained  by  an  elastic  region  around  it.  't.iurefore  the  total 
strains  cannot  be  much  different  thnn  the  elastic  strains.  For  larger  friction 
coefficients  one  boundary  of  the  plastic  region  is  the  free  surface,  which  may 
allow  larger  strains  near  the  surface.  Therefore  the  solution  becomes  leu 
exact  at  larger  friction  coefficients  and  near  the  free  surface.  Ilowever,  it 
should  still  be  reasonable  deep  below  the  surface  near  the  elastic- plastic 
boundary. 

The  approximate  solution  found  from  the  preceding  method  has  two 
types  of  instabilities.  The  plastic  stresses  at  the  surface  cannot  be  obtained 
owing  to  the  singularity  of  the  elastic  strain  gradients  at  x " t a.  The  solution 
also  becomes  unstable  in  that  the  residual  streues  do  not  converge  to  steady 
stote  values  very  near  the  steady  state  etastlc-plastlc  boundaries  for  low 
friction  coefficients  (lower  than  0.6).  However,  there  is  no  problem  at  a 
small  distance  from  the  elastic- plastic  boundary  inside  the  plastic  region. 


»'i>flr,44  (1977)a9-att 
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Summary 

A inatheinatical  model  of  nubsurface  crack  propagation  in  iliding 
contact  is  developed.  It  is  shown  that  linear  elastic  fracture  mechanics  may 
be  applied  to  such  problems,  even  for  elastoplastlc  solids.  An  equation  to 
ptedict  wear  rates  is  derived,  which  should  apply  in  delamlnation  wear  to 
materials  in  which  crack  nucleation  is  easy.  Results  of  calculations  of  stress 
Intensity  factors  for  various  subsurface  cracks  and  coefficients  of  friction  are 
present^.  The  numerical  calculations  were  done  only  for  coefficients  of 
friction  greater  than  0.6. 

Ihe  calculations  show  that  there  is  a characteristic  crack  propagation 
depth  below  the  surface,  which  increases  with  increasing  coefficient  of  fric- 
tion. In  addition,  the  change  in  stress  intensity  factor,  and  hence  the  crack 
propagation  rate,  increases  with  increasing  coefficient  of  friction.  A compar- 
ison between  these  calculations  and  approximate  crack  growth  rates  in 
sliding  wear  shows  that  the  results  agree  reasonably  well. 

The  model  is  used  to  explain  the  phenomenon  that  increased  hardness 
Hometlmes  increases  wear.  A possible  explanation  for  seizure  in  geometrically 
constrained  systems  is  advanced.  The  model  may  be  used  to  predict  wear 
rates  from  first  principles  in  the  near  future. 


Introduction 

The  first  paper  11]  in  this  issue  of  Wtar  and  its  list  of  references 
presented  an  overview  of  the  cunent  state  of  the  delamination  theory  of 
wear  and  the  evidence  supporting  it.  Sufficient  experimental  evidence  is  now 
available  tc  justify  the  acceptance  of  delamlnation  as  a wear  mechanism  in 
sliding  wear.  In  addition,  physical  reasoning  and  a qualitative  understanding 
of  the  delminatlon  theory  has  been  used  to  reduce  wear  by  several  orders  of 
mavaitude  under  experimental  conditions.  The  next  step  in  the  development 
of  the  theory  must  be  mathematical  modeling  of  delamlnation  wear. 

inre  study  of  wear  has  two  major  purposes!  to  predict  wear  and  to 
reduce  wear.  Mathematical  models  are  necessary  in  order  to  predict  wear 
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qualitatively.  They  arc  also  useful  in  the  process  of  planning  experiments 
and  in  gaining  further  physical  understanding,  since  they  are  often  more 
easily  manipulated  than  experimental  situations. 

Five  processes  arc  involved  in  delamination  wear;  transmission  of 
forces,  deformation,  crack  nucleation,  crack  propagation,  and  wear  sheet 
separation.  The  first  and  the  last  processes  are  not  currently  amenable  to 
analysis;  transmission  of  forces  involves  adhesion  and  plowing  which 
requires  an  understanding  of  chemical  interactions  and  a three-dimensional 
large  strain  clastic-  plastic  analysis,  and  wear  sheet  separation  probably 
depends  strongly  on  material  defects  and  random  factors.  Tlie  deformation 
and  crack  nucleation  processes  were  analyzed  approximately  in  the  preceding 
paper  [2] ; although  some  insight  has  been  gained,  the  snalysis  has  nut  yet 
l>ecn  used  to  formulate  an  equation  to  predict  wear.  This  paper  is  dedicated 
to  modeling  crack  propagation  in  delandnation  wear,  and  to  developing  an 
equation  to  predict  wear  rates. 

In  developing  such  an  equation,  it  must  be  assumed  that  crack  propaga- 
tion controls  the  wear  rate.  This  Is  not  necessarily  true  for  all  materials,  since 
at  a given  point  In  the  material  deformation  generally  precedes  crack  nuclea- 
tion which  must  precede  crack  propagation;  It  is  conceivable  that  the 
deformation  rate  or  nucleation  rate  can  control  the  wear  rate.  However, 
Jahanmir  and  Suh  [2]  liave  shown  that  deformation  and  crack  nucleation 
around  hard  particles  take  a short  time  if  the  hard  particles  are  common  in 
the  material  and  sufficient  deformation  takes  place.  Since  most  engineering 
materials  (e.g.  steels)  contain  many  hard  particles  and  the  matrix  of  such 
materials  can  be  greatly  deformed  during  sliding  [3] , we  feel  that  crack 
i)ropagation  will  control  the  wear  rate  in  many  common  metals. 


A modal  of  crack  propagation 

In  developing  the  model,  several  aspects  of  the  sliding  process  must  be 
considered.  First,  a wearing  surface  generally  becomes  very  smooth  [1] . 
Second,  the  distance  between  asperity  contacts  is  generally  large  compared 
with  the  asperity  contact  size  (since  the  real  area  of  contact  is  so  much 
smaller  than  the  apparent  area  of  contact  for  realistic  loads)  and  the  stress 
falls  off  with  distance  r from  the  contact  approximately  os  a 1/r  proportlona 
lity  (see  eqn.  (1));  therefore,  the  stress  beneath  and  near  an  asperity  contact 
Is  not  significantly  affected  by  other  contacts.  Third,  in  most  sliding  situa- 
tions there  Is  unaffected  material  on  either  side  of  the  wear  track  and  the 
deformation  Is  uniform  across  moat  of  the  wear  track,  so  that  most  of  the 
wearing  material  Is  in  plane  strain.  Fourth,  experimental  evidence  has  shown 
that  all  wear  cracks  appearing  in  reasonably  ductile  materials  are  essentially 
parallel  to  the  surface  and  are  very  long  compared  with  their  distance  below 
the  surface  (1] . Fifth,  the  wearing  body  is  essentially  infinite  In  dimension 
comi)ared  with  the  size  of  an  asperity  contact. 
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SLIDER  MOTION 


Th«  physical  modol  ohoa«n  on  thn  baali  of  thete  obaervationa  ia 
illuaixated  in  Fig.  1.  it  conaiata  of  a half^apace  in  plane  atrain  contacted  by  a 
single  asperity  and  containing  a straight  crack  pai^el  to  the  surface.  The 
crack  is  drawn  as  being  closed  over  moat  of  its  length  for  reasons  discussed 
below. 

It  is  kndwn  that  some  of  the  material  in  the  region  of  an  asperity 
contact  is  plastic.  Thus,  the  first  question  arialng  in  regard  to  this  model  is 
whether  it  can  be  analyzed  by  linear  elastic  fracture  mechanics  (L*.  can  the 
plasticity  be  ignored?).  The  answer  to  this  question  lies  in  the  nature  of  the 
stress  fleld  below  the  surface. 


Approximate  aubaurface  stresses  on  a crack  in  sliding  contact 

A quick  approximation  to  the  subsurface  stresses  may  be  found  from 
the  elastic  solution  for  a point  load  (in  plane  sbrain,  a line  load  along  a line 
into  the  paper  in  Fig.  2)  (4) . In  the  notation  of  Fig.  2 

Orr COi  (a  + tf)  Or#  " 0 0##  0 (1) 

ffJ" 

For  this  atreaa  field,  lines  of  constant  maximum  sheer  stress  form  circular 
arcs,  as  shown  in  Fig.  2.  Using  the  Ttesoa  yield  criterion  for  such  a contact, 
the  plastic  zone  will  lie  inside  such  a line.  Also,  the  strese  to  the  left  of  the 
broken  line  in  Fig.  2 is  all  oompreaslve,  while  the  stress  to  the  rl#ht  of  the 
broken  Una  is  tenidle.  (The  broken  line  is  a line  of  aero  stress  and  is 
perpendicular  to  the  Him  of  action  of  the  applied  force.) 

Finite  element  analyses  of  a half  •space  subjected  to  a distributed  load 
[6]  indicate  that  this  approximation  ia  quite  good  ftirther  than  a quarter 
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Kl||.  2.  A point  lo»(l  (lint’  load  into  tbp  pappr,  In  pliini’ alTRln)  on  u huir-apHCP. 


contact  length  or  lo  from  the  contact.  In  addition,  Jahannilr  and  Suh  [2] 
Hhowed  that  the  reildual  Rtremes  formed  after  many  aaporlty  paaHugea  tend 
to  suppreii  the  tenallo  ploatlc  zone,  lltui,  the  material  to  the  right  of  the 
broken  line  in  Fig,  2 Ih  clastic  and  is  subjected  to  tensiht  stress.  The  material 
to  the  left  of  the  broken  line  is  elastic  or  plastic  and  the  etrcHs  is  compressive. 


Physios  of  the  model 

Now  consider  the  introduction  of  u crack  into  the  haif’Space,  as  in 
Fig.  1.  In  the  compressive  region,  the  crack  will  tend  to  close  and  normal 
stresses  will  be  traiiimltted  across  the  crack.  In  view  of  the  iarge  compressive 
stresses  near  I4ie  surface,  it  Is  not  unreasonable  to  assume  that  the  faces  of  a 
crack  near  the  surface  will  mechaiiiuolly  lock  together  and  transmit  shear 
stresses.  Under  this  assumption,  the  portion  of  the  crack  which  experiences 
compressive  loading  eisenttally  does  not  exist!  The  crack  can  only  propagate 
when  the  crack  and  the  uperity  contact  are  so  ititualed  that  part  of  the  crack 
is  in  the  tensile  region.  Furthermore,  only  the  portion  of  the  crack  in  the 
tensile  region  will  affect  propagation, 

Linear  elastic  fracture  mechanics  may  be  applied  to  a crack  propagation 
problem  if  the  nominal  stresses  are  elastic,  If  the  area  around  the  crack  tip  is 
in  plane  strain  and  if  the  plaatlc  zone  around  the  crack  tip  is  small  compared 
with  the  smallest  dimension  of  the  problem.  Since  the  material  around  the 
important  (open)  portion  of  the  crack  is  all  elastic  and  a condition  of  overall 
plane  strain  xtsta,  two  of  these  conditions  are  met.  The  thin!  condition 
carinot  he  checked  until  strees  Intensity  faoton  are  onlc^ulated,  Before  cover- 
ing this  calculetlon,  the  mathematical  implications  of  the  physical  model  will 
be  explored  in  order  to  define  tiie  quantities  necessary  In  the  analysis. 
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Mathematical  deacriptiun  of  the  model 


As  asperities  pass  over  the  surface  (from  right  to  left  in  Fig.  1)  the  crack 
will  pass  from  compressive  to  tensile  to  compressive  stresses  continuously. 
Thus  the  crack  extension  <iC  per  asperity  passage  dN  (or  cycle)  should  be  a 
function  of  the  change  in  the  stress  intensity  factor  Ak  and  of  two  material 
constants  0 and  n (n  Is  typically  2 > 6),  as  in  fatigue  crack  growth; 


d(J 

dN 


0{Ak)" 


(2) 


(A;  is  purposefully  written  without  a subscript  since  it  is  not  known  whether 
mode  1,  the  tensile  mode,  or  mode  II,  the  In-plane  shear  mode,  or  a 
combination  is  ()|>eratlng.  Mode  III,  the  out-of-plane  shear  mode,  is  impos- 
sible under  the  plane  strain  assumption.)  Ak  can  only  be  a function  of  the 
boundary  conditions  (applied  loads  and  displacements)  and  the  geometry  as 
long  os  the  nominal  stress  field  is  Independent  of  material  properties.  (Ak  is  a 
weak  function  of  Poisson's  ratio,  which  is  ignored  here.)  When  tike  tip  of  the 
crack  lies  in  the  compressive  region  (ignoring  the  initial  transient  crack 
growth)  k is  a minimum  which  is  zero  from  the  above  discussion.  When  the 
tip  uf  the  crack  is  in  the  tensile  region  At  Is  a function  of  the  average  normal 
contact  force  u„,  the  coefficient  of  friction  (i,  the  length  of  the  crack  in  the 
tensile  region  and  the  depth  of  the  crack  below  the  surface  (since  these 
<|uantltles  define  the  boundary  conditions  and  geometry  and  since  the  stress 
field  does  not  depend  on  the  elastic  constants,  ea  shown  below).  It  Is 
reasonable  to  assume  tliat  the  maximum  k will  occur  when  the  crack  lies  at 
some  constant  critical  depth  d and  when  some  constant  critical  effective 
crack  length  0,  is  in  the  tensile  region.  (Transient  crack  growth  tliorefore 
occurs  in  the  period  wlion  C < C’,).  Thus 

AAi  - fc(i)n,p,  d.  C,)  (») 


N'noo  Ak  is  not  a function  of  C,  eqn.  (3)  can  be  substltuixid  into  eqn.  (2)  and 
the  result  is  easily  Integrated: 

c “ 0k''(Un,n,d,  C,)N  + C,  (4) 

If  f is  defined  os  tho  number  of  contacts  per  unit  length  and  S Is  the  sliding 
distance,  then  N " fS  or 

C-0k"(iJ„,^,  d,  C,)fS  + C,  (B) 

(lupta  and  Cook  [6]  showed  that  the  real  area  of  contact  la  altikoU 
proportional  to  the  applied  normal  load.  In  addition,  the  Increase  of  the  real 
area  of  contact  Is  almost  solely  due  to  an  Irtoreaic  in  the  number  of  contacts. 
'Hierefore,  the  number  of  contacts  is  essentially  proportional  to  the  overall 
normal  load  L for  a metal  with  a given  hardnow: 

f - at 


Defining  S - ap,  eqn.  (6)  becomes 


(6) 
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d.  C.)I<S  + C.  (7) 

FurthermoM,  the  worti  volume  V muit  be  Cd  tlmei  Bume  cmok  breadth 
which  muit  be  of  the  order  of  C. . Equation  (7)  becomea 

V - H,  d,  C,)LS  + C.}dC,  (8) 

In  the  pait,  it  waa  often  aaaumed  {e.g.  ref.  6)  dtat  o„  waa  equal  to  the 
hardneu.  Aa  waa  diacuaaed  in  the  overview  paper  [1]  there  ia  no  direct 
experimental  aupport  for  thia  view,  although  it  may  not  he  unrealiatie  to 
aaaume  that  Cn  will  Increaae  in  aome  manner  with  hardneaa.  If  we  let  o„  •• 

(//  aa  a flrat  approximation,  eqn.  (8)  may  be  rewritten  at 

V - {6  *"({//,  n,  d,  C,)L8  + C.}dC,  (0) 

Since  k haa  unlta  of  atreaa  X length'^’*  and  muat  be  directly  proportional 
to  the  nominal  atreaa,  we  may  normalize  k by  o and  the  aquare  root  of 
the  half-contact  lenath  a to  get  a dlmenilonleM  k,  Equation  (9)  beoomea 
(uaing  d “ d/a  and  C*  " C,/a) 

V "■  f R (M , J,  CjtHVafLS  + C,J  dC\  (10) 

Some  diacuaaion  of  the  implioationa  of  thia  model  ia  now  poimible.  It 
can  be  aeen  that  the  volume  worn  la  linearly  proportional  to  the  normal  load 
and  to  the  diatance  alid.  Thia  ia  a we!l-eitabliihed  experimental  reault. 

However,  tlte  influence  of  hardneaa  ia  the  revene  of  that  predicted  by 
the  adheaion  theory  if  the  crack  propagation  rate  (i.e.  and/or  n)  and  the 
number  of  contMita  (i,«.  a)  are  not  alfected  by  the  mechaniam  reaponalble 
for  the  increaae  in  hardneaa.  In  thia  caoe,  inoreoaing  H will  Increaae  V by  a 
lerge  factor.  Thia  may  be  one  reaoon  why  harder  materiala  aometlmea  wear 
foater  than  aofter  materiala, 

Aa  to  the  uae  of  eqn.  (10),  we  can  aee  that  it  lu  neceaaory  to  evaluate 
aeveral  conatanta  and  one  function.  | ia  hard  to  find,  but  may  be  taken  to  be 
1 in  the  aboence  of  mote  Information.  R will  be  difficult  to  evaluate  aince  a 
ii  hard  to  find.  ^ and  n can  be  evaluated  from  atairdard  fatigue  data,  p muat 
currently  be  taken  aa  a parameter  of  toe  eliding  pair.  The  "fracture  meohanica 
convtanta"  d and  C,  and  the  "fracture  mechanic!  fr.nctJon'’  k wilt  b«  evaluat- 
ed in  the  following  aectlon. 


Evaluation  of  tha  fracture  mechanica  conatanta  and  function 

llte  method  of  evaluation  will  be  to  calculate  k for  many  pooelble 
valuea  of  d and  C,.  Then  C,  and  d can  be  found  by  Inapectlon. 

Ilia  mathod  of  calculating  li  ia  a boundary  integral  mathod.  Conaldar  a 
body  aubjected  to  a atreu  flald  a(x,  y)  in  tha  aboenoa  of  a crack.  If  a crack  ia 
preoent,  evaluation  of  a at  tha  crack  aurface  will  ganerally  yield  non-aairo 
tractlona  on  the  crack  aurface  (which  will  be  here  called  "paeudo-itreaaea"). 
However,  auperpoaltion  of  a atreaa  field  which  exactly  cancela  tliew  tmeiiona, 
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which  la  zero  at  any  free  aurface  of  the  body  and  which  causes  no  displace- 
ment at  points  where  displacement  boundary  conditions  are  specified  will 
provide  the  exact  solution,  by  uniqueness.  If  the  stress  field  that  is  to  be 
superposed  Is  not  zero  at  some  free  surface  or  causes  a non-zero  displacement 
at  a point  where  displacement  is  specified,  Uie  superposition  will  not  provide 
an  exact  solution  since  the  boundary  conditions  at  the  edges  of  the  body 
will  not  be  met,  but  hopefully  the  solution  will  be  useful. 

In  the  implementation  of  the  method,  only  the  stresses  In  the  vicinity 
of  the  crack  Up  are  needed.  It  is  well  known  that  the  elastic  stresses  In  the 
vicinity  of  u crack  tip  can  be  written  in  terms  of  the  distance  r from  the 
crack  tip  and  the  angle  0 from  the  crack  centerline  as 


(11) 


"rtf 


If  k'(x)  is  defined  as  the  Influence  function  (7]  (the  stress  Intensity  factor 
()er  unit  force  for  a self-equilibrating  pair  or  point  forces  on  opposed  faces  of 
the  crack),  the  stresses  in  the  vicinity  of  the  crack  tip  are 


1 0 

".r  " J h'{x)o{x,  y)dxfi[0) 
C|. 


0 


J/t'(x)tf(*,  y)dxf3(9) 


(12) 


1 “ 

"r«  • / *'(*)"(*.  >)  cUc  ft(0) 

and  comparison  of  eqns.  ;'ll)  and  (12)  shows  that 
0 

/I  « Jie'(x)«(x,  y)d*  (13) 

-0, 

Since  It  was  shown  above  that  the  material  in  the  region  of  interest  is 
elastic,  the  stress  field  o Is  taken  to  be  the  elastic  solution  due  to  a set  of 
normal  and  tangential  loads  elllptlcally  distributed  over  the  contact  area. 

The  solution  is  given  by  Smith  and  Liu  [S] . With  all  distances  (x  and  y ) 
normalized  by  the  contact  halMangth  a and  all  stresses  normalized  by  ^e 
maximum  normal  applied  stress*  po  and  with  the  (x,  y)  coordinate  system  of 


♦Note  that  o,. 


3 4 


dx  •• 


4 ' 


Flu.  3.  Klllptivitlly  tliulrlbutt’d  luncli  on  » half-ipuro. 


Fig.  3,  the  finl  step  U to  define  non-dimenilonai  squared  radii  from  the 
contact  comers: 

-{1  t-y"  - 
Ha«(l  -.r)*+y“ 

and  two  fnctors  (which  are  difficult  to  name  but  which  appear  often): 

»r  1- 

Ri  + («r+  « 

TT 


f 
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Kill.  4.  Htrou  Intrnilty  rictura  for  point  loads  un  a crack  face,  (a)  Lower  bound  (Infinite 
aolld)  (note  k a H - 4 u In  plane  itrain,  whore  i'  la  Pulaaon'i  ratio).  At  the  rl||ht-hand  end 


1 ( /<•  ♦ h * 1 I 


2lt\/r 


I /<•  + b k 1 

Kr;)  ^vrl 


(b)  Upper  bound  (edite  urack  in  a aeml-infinite  aolld); 

•iVf{h/c) 
kt  " — 

rr((Ml  (h/e)-' 

(c)  The  iiruph  la  uand  to  evaluate  f{h/c) 


i iji  • 2'^ 


2Wfr/r) 
irlcfl  - (b/t')*)!  *'* 


TS  - 2% 


*>  1 

2p{x  + (X*  - 1)’^") 

X < — 1 

2fiX  -{l-xy‘\i 

0 

|j:|>  1 

-(l-.r2)‘'!‘  *' 

1*1  < 1 

0 

1*1  > 1 

m(1  -x*)*'* 

1*1  < 1 

(17) 


Tho  function  k'  it  mor$<  difficult  than  the  ttrettet  to  spuulfy.  Klrtt,  no 
ROlutlont  were  found  In  the  literature  for  point  forcoi  on  the  face  of  the 
crack  In  Fig.  1 and  to  an  infinite  body  loiutlon  wna  uied  with  consequently 
a fall'jre  to  meet  the  boundary  conditions  at  the  free  surface  to  either  side  of 
the  contact.  Second,  tlie  *‘pteudo-Btretset”  g^lven  by  eqn.  (16)  correspond  to 
forces  which  tctid  to  clnsn  the  crack.  The  cancelilng  forces  must  thus  tend  to 
open  the  crack.  This  will  slightly  open  the  end  of  the  crack  which  lies  at  the 
edge  of  the  compressive  region  and  make  it  impossible  to  define  C,  exactly; 
k'  is  a function  of  C,. 

Tlius  as  an  approximation  upper  and  lower  bounds  were  calculated. 

The  stmsii  intensity  factors  wore  calculated  using  the  formulae  from  Tada 
ef  al.  [B]  for  the  two  configurations  snown  in  Fig.  4.  The  factor  from 
Fig.  4(a)  it  a lower  bound  on  the  stress  Intensity  factor  for  the  tip  of  interest 
since  It  a»)um««  that  tho  end  carries  one>half  of  the  load,  The  stress  Intensity 
factor  from  Fig.  4(b)  la  an  upper  bound  since  It  assumes  that  tho  end  carries 
no  load. 
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Fig.  B,  A “r  'irM"  (luntour  plot  uf  the  low»r  bound  on  ki,  with  ii  <io«ftlcl«nt  of  Friction 
of  0.7B. 
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Fig.  6,  A "fin*"  contour  plot  of  th«  upper  bound  on  fit,  with  x cuet'fluinnt  uf  friction  of 

1.0. 


It  li  appunnt  that  an  analytical  integration  of  eqn.  (13)  would  be  at 
beat  difficult,  tedioua  and  prone  to  error.  Thua,  the  Intefratton  waa  catrlad 
out  numericaliy  for  aelected  cnaei  of  ^ " 0.6,  0.76  and  1.  Poixaon'a  ratio  waa 
1/S  in  all  the  calculatlona.  The  calculatinna  are  not  aensltlve  to  the  value  of 
Poiaaon'i  ratio. 


“ MNE  CONTOUnS  CIF  KII  HIN,  MU-Q.75 

Fl([.  9.  A “fln«"  contour  plot  of  the  lower  bound  on  fu,  with  a curfflclent  of  friction  of 
0,75, 
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Flu,  10,  A "fine"  contour  plot  of  the  upper  bound  on  /(|i,  with  a coefficient  of  friction 
of  0.5. 


carried  out  decroeulng  x and  y by  intervals  of  0.026.  and  the  final  computa- 
tions differ  from  these  by  10  • 16%.  We  do  not  feel  that  a decrease  in  the 
itepsize  will  significantly  Increase  accuracy. 

The  computation  was  canled  out  using  a program  written  in  FORTRAN 
IV  on  the  MIT  IBM  370/168  computer.  First  the  stresses  were  calculated  and 
stored  on  disk.  This  program  took  about  3 min  of  machine  time.  Then 
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Fl|.  1 1.  Normalised  itrese  InteniUy  raolortoa  funetlons  of  the  coefficient  of  friotloni 
• ft|,  upper  bound!  lower  bound;  ('  lti|,  upper  bound;  A k||,  lower  bound. 

FIf . 1 2,  The  critical  depth  (depth  of  propagation  of  the  moat  favored  crack)  aa  a function 
of  coefficient  of  friction:  * l>ii  upper  bound;  A/kl,  lower  bound;  n kn,  upper  bound; 
lower  bound. 


. 1 

1 

, 

I Fig.  13.  The  effective  crack  length  at  point  of  maximum  itrem  Intensity  factor  a»  a func* 

1 lion  of  coofflclant  of  friction:  ttki,  upper  boundtAlt|,  lower  bound;  u )t,|,  upper  bound; 

1 ‘^kii,  lower  bound. 

anothtr  prosmin  wu  uMd  to  onlcuinto  upp«r  ind  lower  boundi  on  either  ki  or 
! Icn  for  one  value  of  ju.  Thii  program  r*n  for  about  40  ‘ 50  min  of  machine  time. 

T^rplcal  reeulta  are  pretend  In  Figi.  5 - 10  aa  contour  ploti  of  (At 
normaliaed  by  the  maximum  contact  itieea  po  and  the  square  root  of  the 
, contact  halMengilt  a,  and  multiplied  by  n for  oonvenlenoej  versus  x and  y. 
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1 
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1 
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Figures  11 - itl  show  (i,  Sii,  (land  as  functions  of  a;  (d  and  an  j 

, 

noimallxed  by  the  contact  halMength  o).  Numbers  mayi«  rewi  oft  fltom 

’ ’ ' , I.V 

• 

these  graphs  and  substituted  Into  eqn.  (10)  to  predict  a wear  rate  for  a sliding 

! i ■ , . \ 

pair  with  a given  u. 

1 ’ ' , ■ 

1 K'  ■ ■ 

Ii3 

Discuuion 

Figure  14  showR  the  ploBtic  zone  size  at  the  tip  of  the  craek  (r^,  ^ 
(l/2)(fc/y)^).  This  was  calculated  by  assuming  that  the  average  contact  stress 
Cn  is  equal  to  the  hardness  and  tlie  calculation  also  ignored  any  variations  in 
the  flow  stress  near  the  surface.  It  can  be  seen  that  r^/d  < 1 in  all  cases,  and 
In  most  caHt;s  fp/d  < 1,  so  that  tt>e  Uiird  condition  for  linear  elastic  fracture 
mechanics  to  Im  applicable  is  met. 
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coerriciENT  of  friction 

Fig.  14.  Tht  pisitic  non*  iiz«  divided  by  oritk-el  depth  »■  ■ runctlon  of  coeffiolent  of 
frlatlon:  elti,  upper  bound;  ^Iti,  lower  bound;'*  Atn,  upper  hound;  Ak,,,  lower  bound. 


Of  course,  several  important  factors  have  been  ignored.  The  large 
deformations  present  in  sliding  wear  cause  anisotropy,  especially  in  that  slip 
planes  tend  to  line  up  parallel  to  the  surface  fl].  Also,  experimental  results 
show  that  significant  crack  growth  is  due  to  the  linking  up  of  separate  cracks. 
Neither  of  these  effects  was  included. 

AJso,  residual  stresses  arc  not  accounted  for  In  the  stre.;  i field  of  eqns. 
(16)  and  (17).  However,  Merwin  and  Johnson  [10]  showed  that  the  only 
possible  residual  stress  Is  Okx, which  cannot  affect  a crack  on  a plane  of 
constant  y.  Thus  residual  stresses  dg  not  affect  crack  propagation. 

The  analyais  also  contains  many  other  assumptions  which  are  discussed 
in  the  body  of  this  paper. 

it  should  be  noM  that,  during  preliminary  computation,  stress  intensity 
factors  were  calculated  for  cracks  growing  In  the  y direction  from  the  surface. 
Even  very  short  cracks  had  strew  intensity  factors  larger  tlian  the  largest 
factors  for  cracks  growing  in  the  x direction.  Since  “surface”  cracks  have  not 
been  observed  in  ductile  metals,  we  feel  that  the  plowing  and  smearing  action 
in  front  of  and  at  the  contact  prevents  such  cracks  from  forming.  It  should 
also  be  noted  that  such  cracks  cannot  grow  into  the  oomprasaion  region,  and 
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that  they  only  have  large  itreu  intensity  factors  in  the  region  immediately 
behind  the  contact  where  the  compression  region  is  close  to  the  surface. 
Therefore  these  cracks  cannot  link  up  with  otlier  cracks,  which  is  necessary 
to  form  a wear  particle. 

In  spite  of  the  many  assumptions,  the  functional  relationship  of 
oqn.  (10)  should  hold.  The  increase  of  volume  worn  with  increasing  hardness 
for  some  metals  has  been  documented  [11]  and  eqn.  (10)  provides  a 
reasonable  explanation. 

The  calculation  of  stress  intensity  factors  is  a weak  point  in  the  analysis, 
owing  to  the  failure  to  meet  the  free-surface  boundary  conditions.  This  weak- 
ness could  be  remedied  in  several  ways. 

The  best  way  would  be  to  find  an  analytic  expression  for  the  stress 
intensity  factor  of  a crack,  parallel  to  the  free  surface  of  a half-space, 
subjected  to  two  self-equilibrating  point  loads  on  the  crack  faces.  Such  an 
expression  could  be  used  in  the  analysis  presented  above  to  obtain  better 
estimates  of  stress  intensity  factors.  The  cost  of  computation  would 
probably  be  about  the  same.  Unfortunately,  the  desired  stress  intensity 
factor  was  not  found  in  the  literature  and  we  have  not  attempted  to  derive 
it  ourselves. 

Another  way  to  improve  the  calculation  would  be  to  Iterate  the 
solution.  Since  most  of  the  surface  of  the  half-space  Is  distant  from  the  crack 
tip,  the  stresses  on  that  surface  due  to  the  point  forces  on  the  crack  faces  are 
the  stresses  along  a line  in  an  infinite  plane  due  to  two  opposed  forces  at  a 
point.  As  a stress  intensity  factor,  say  is  calculated,  the  program  could 
also  calculate  the  free-surface  stresses.  Then  the  state  of  stress  in  the  half- 
space  due  to  cancelling  of  these  free-surface  stresses  (or  an  approximation) 
could  be  used  instead  of  the  stresses  of  eqns.  (16)  to  calculate  another  stress 
intensity  factor  and  another  sot  of  Acee-surface  stresses,  using  the  same 
procedure  os  above.  This  iteration  procedure  could  be  repeated  as  long  as 
required.  Hopefully,  the  sum  -f  At,  would  converge  to  the  true 
value  of  A.  The  drawback  of  this  procedure  is,  of  course,  the  high  computa- 
tion cost. 

In  any  of  the  schemes  presented  above,  the  exact  point  where  the  crack 
goes  from  compression  (clo^)  to  tension  (open)  Is  unknown  since  the  point 
forces  applied  to  the  crack  tend  to  open  the  crack  and  to  lengthen  it.  In  the 
calculations  presented  here,  the  crack  woa  assumed  to  end  at  the  tension- 
compression  boundary  of  the  nominal  stress  field.  Since  the  analysis  is  elastic, 
giving  infinite  stresses  at  the  crack  tip,  it  is  Impossible  to  balance  these 
stresses  against  the  compressive  stress  at  the  end  of  the  crack  to  calculate  the 
actual  end  position.  Locating  the  end  thus  requires  a plastic  analysis,  with 
attendant  difficulty  and  cost. 

Since  stress  Intensity  factors  were  calculated  for  many  cracks,  approx- 
imately 0.0012%  of  the  calculation  time  was  spent  on  the  crack  witit  the 
maximum  A.  The  ratio  of  calculations  which  did  not  yield  data  points  in 
Figs.  0 - 12  to  calculations  which  did  is  8 X 10*.  However,  it  was  necessary 
to  demonstrate  that  the  stress  intensity  factor  is  a well-behaved  function 


with  one  maximum.  Since  this  has  now  been  demonstiated,  a much  better 
ratio  of  “useleM"  to  “useful”  calculations  could  be  obtained,  perhaps  by 
using  a search  method  to  find  the  crack  with  the  maximum  k.  lliis  would 
reduce  the  computation  cost  significantty. 

We  feel  that  the  calculations  of  itrets  intensity  factors  presented  in  this 
paper,  while  approximate,  may  bo  useful.  To  demonstrate  that  the  solution 
is  not  unreasonable,  we  will  use  eqn.  (2)  by  substituting  k - kpo\/alv  and 
solving  for  a (using  Po  " 4a„/s  and  assuming  that  equals  the  hardness  //): 

(IS? — (v 

Assuming  for  mild  Steel  n «■  4,  ^ 1.7  X 10  * Pa  * pm  ^ (10  lb  * In’) 

and  ff  % 1.4  OPa  (2  X 10*  lb  in  *),  then 

/dC  i*'* 

We  will  use  approximate  dC/diV  values  for  mild  steel  (2) : dC/dAf  ••  10  * pm 
pass ' * at  a coefficient  of  friction  p ■■  0.5  and  dC/dN  2.6  X 10'  * pm 
pass' ' at  p " 0.85. 

Reading  from  Fig,  11,  atp  ■>  0.5,  0.002  < i < 0.1,  which  gives  1.9  X 
10*  > a > 760  pm.  At  p - 0.86,  0.01  < 5 < 0.3,  which  gives  3.8  X 10*  > a > 
42  pm.  The  smaller  values  of  a come  from  the  larger  values  of  k. 

Those  values  of  the  half-contact  length  are  extremely  large,  but  the 
lower  values  are  not  more  than  an  order  of  magnitude  out  of  line  since  a is 
often  assumed  to  be  on  the  order  of  10  pm.  However,  the  spread  is  certainly 
largo.  The  calculations  indicate  that  the  larger  values  of  A are  the  moro 
reasonable.  Although  these  values  are  A|j  values,  this  cannot  be  taken  to 
show  that  mode  II  is  the  operative  mode.  In  addition,  the  values  of  dC/dN 
were  calculated  using  d 2 pm,  which  is  probably  too  small  and  yields  large 
values  of  dC/dN,  Smaller  values  of  dC/dN  would  give  smaller  values  of  a.  It  is 
also  possible  that  the  cancellation  of  free-surface  stresses  discussed  above 
would  give  higher  values  of  ft. 

Of  course,  asperity  contacts  are  not  always  the  same  sixe.  Cfvntact  size 
depends  on  t)i«  material,  the  surface  finish,  the  plwtic  deformation  history, 
the  applied  force  and  Uie  lubricant  if  one  ic  preient,  A smooth  surface  will 
have  a large  average  contact  siM,  but  the  nuirber  of  contact#  will  be  reduced. 
Since  the  worn  volume  dapendc  on  /("  and  It  is  proportional  to  a,  the  wear 
rate  depends  on  a",  but  it  is  only  directly  proportional  to  the  number  of 
contacts.  Titus,  a smooth  surface  with  few  but  large  asperity  contact!  may 
have  a higher  wear  rate  than  a rougher  surface!  It  has  been  shown  that 
rough  surfaces  quickly  become  smoother,  but  higlter  initial  wear  volumes 
have  been  repotted  for  smooth  surfaces  compared  with  rough  surfaces  under 
some  conditions  (11] . This  has  been  attributed  to  asperity  deformation  and 
fracture  but  both  miiohanisms  could  be  contributing. 

Since  contacta  differ  in  sine,  each  ooiiUct  may  tend  to  propagate  a crack 
at  a slightly  different  depth.  Equation  (10)  was  derived  assuming  diat  the 
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contact  size  was  constant  and  that  the  change  in  the  stress  intensity  factor 
was  also  constant.  For  contacts  bigger  or  smaller  than  a,  Uie  change  in  the 
stress  intensity  factor  for  a crack  at  a depth  d will  be  leu  than  that  predicted 
by  the  analysis;  eqn.  (10)  therefore  gives  an  upper  bound  on  the  crack 
propagation  rate, 

It  is  also  apparent  from  Fig.  11  that  the  wear  sheet  thickness  d it  an 
Increasing  function  of  In  stiff  sliding  systems  where  clearances  cannot 
change  significantly,  wear  particles  may  Jam  up,  increasing  p . This  would 
lead  to  thicker  wear  particles,  leading  to  more  jamming,  and  would  finally 
cause  seizure.  The  proceu  would  be  analogous  to  an  unstable  equilibrium; 
any  small  perturbation  increasing  p would  tend  to  increase  both  p and  d 
until  seizure  occurs. 

The  final  test  of  eqn.  (10)  must  be  whether  or  not  it  is  useful.  To  this 
end,  w«  hope  to  carry  out  wear  tests  on  steels  (with  many  inclusions) 
for  which  the  fatigue  constants  & and  n have  been  determined.  Hopehilly 
the  results  will  correlate  with  those  predicted  by  eqn,  (10). 

Conclusions 

(1)  Linear  elastic  fracture  mechanics  can  be  used  to  analyze  subsurface 
crack  propagation  In  delamination  wear,  at  least  for  coefficients  of  friction 
greater  than  0.5. 

(2)  In  crack  propagation  controlled  wear,  increasirvg  hardness  will 
generally  Increase  wear  if  the  contact  stress  is  increased  without  affecting  the 
crack  propagation  rate. 

(3)  Wear  Is  proportional  to  the  normal  load  and  to  the  distance  slid  In 
crack  propagation  controlled  wear. 

(4)  For  a given  size  of  asperity  contact,  there  is  one  depth  and  one 
effective  crack  length  for  which  the  stress  intensity  factor  is  a maximum,  i.e. 
kix,  y,  ti,  o„)  is  a smooth  function  with  one  maximum. 

(6)  Wear  particle  thickness  is  a function  of  the  coefficient  of  friction. 
This  leads  to  a poulble  explanation  of  seizure. 

Acknowledgments 

The  work  reported  here  was  sponsored  by  the  Defense  Advanced 
Research  Projects  Agency  through  the  Office  of  Naval  Research  under 
contract  N00014"67<A>0204''0080.  We  are  grateful  to  Dr.  Edward  van  Reuth 
and  Lt.  Richard  S.  Miller  for  their  support  and  guidance. 

References 

1 N,  P.  Suh,  An  ovtrvifw  of  ths  dslsmlmtlon  theory  of  wssr,  Wsiur,  44  (1077)  1 • 16. 

2 8,  Jahsnmir  iiul  N.  P.  Buh,  Msehsnict  of  luhsurftce  void  nuoUstlon  in  dslsmlnation 
w«sr,  Weir,  44  (1077)  17  • 

3 O.  AuguilMon,  Btrsin  field  near  the  lurtaoe  due  to  surface  traction,  S.M.  Theeli, 
Deparlntent  of  Mechanical  Bnglnecrlng,  MIT,  1904. 


56 


4 8.  P.  Tlmcxhanko  and  J.  N.  Ooodlar,  Theory  of  EUitioity,  MoOriw-HIII,  New  York, 
1961. 

6 N,  P.  Kuh,  Mloroitructurel  effooU  in  wear  of  matala.  In  R.  J.  Jaffay  (ad.)  Fundamental 
AtpecU  of  Structural  Alloy  Daaign,  Planum  Preta,  Naw  York,  1976. 

0 P.  K.  Gupta  and  N.  H.  Cook,  Junction  deformation  modal  for  uperltlaa  In  illdlng 
Intaractiun,  Waar,  20  (1972)  73  - 87. 

7 R.  C.  Lahbeni,  J,  Hellot  and  A.  PelllHla^Tanon,  Walght  frinotlona  for  three- 
dlmenalonal  lymmelilcal  crack  problama.  In  Cracka  and  Fracture,  Am.  Sue.  Teat. 
Malar.  Spec.  Tech.  Publ.  STP  601, 1976. 

8 J.  U.  Smith  and  C.  K.  Uu,  Streiaaa  due  to  tangential  and  normal  loada  on  an  alaatlu 
tulld  with  application  to  aome  contact  problama,  J.  Appl.  Mach.,  20  (1963)  167  ■ 166. 

0 H.  Tada,  P.  C.  Paria  and  G.  R.  Irwin,  The  Straaa  Analyaia  of  Craoki  Handbook,  Del 
Heaaarch  Curp.,  Hellertown,  Pa„  187,7. 

10  J.  K.  Morwin  and  K.  L,  Johnson,  An  analyaia  of  plastic  deformation  In  rolling  contact, 
Proc.  Inat.  Mach.  Eng,,  London,  177  (1068)  241  ■ 262. 

118.  Jahanmir,  A fundamental  study  on  the  dalamlnatlon  theory  of  wear,  Ph.U.  Iheala, 
Department  of  Mechanical  Engineering,  M.t.T.,  1076. 


»'Mr,44  (1H77)  8?  • 64 

<£)  EImvIvf  Soquolt  S.A.,  Lmannc  - Prlntod  in  th«  NatharlantU 


67 


THE  RELATIONSHIP  BETWEEN  CRACK  PROPAGATION  KATES  AND 
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Summary 

In  order  to  check  (qualitatively  the  validity  of  the  analyoli  of  crack 
propamatiun  in  delamination  wear,  wear  experimenU  were  performed  with 
7076-Te  and  2024*T3  aluminum  alloys.  The  former  alloy  has  a higher  hard- 
nesa  (by  25%)  and  a faster  crack  propagation  rate  (3  • 10  times)  in  normal 
fatigue  teats  than  the  latter.  The  preliminary  test  results  show  that  the  wear 
rate  of  TOVS-TB  aluminum  is  also  greater  than  that  for  2024-T3  aluminum, 
indicating  that  the  wear  rate  correlates  with  the  crack  propagation  rate. 


Introduction 

The  analyses  done  for  delamlnation  wear  [1,  2]  imply  that  the  crack 
propagation  rate  is  the  rate  contndling  mechanism  for  steady  state  idlding 
wear  when  the  coefficient  of  friction  is  large  enough  to  create  a tensile  region 
rf  appreciable  else  behind  a moving  asperity.  When  the  coefficient  of  friction 
is  very  small,  the  crack  propagation  rate  parallel  to  the  surface  is  so  small 
that  a large  number  of  cracks  must  be  nucleated  and  therefore  the  crack 
nucleation  rate,  which  is  governed  by  the  magnitude  of  the  normal  load  and 
adhesive  force,  may  be  the  rate  oontrolllng  process.  In  a previous  paper,  the 
case  of  delamlnation  wear  which  is  controlled  by  crack  propagation  was  con- 
sidered (n  terms  of  linear  elutlc  fracture  mechanics.  An  equation  was  derived 
to  predict  west  in  the  case  where  the  crack  propagation  rate  controls  the  wear 
rate.  Unfortunately,  Insufficient  information  *bout  the  parameters  appear- 
ing in  the  equation  is  available,  so  that  the  validity  of  the  derivation  cnjciiot 
be  checked  directly  by  comparing  predictions  with  wear  experiments.  How- 
ever, some  of  tb  i assumptions  of  the  analysis  may  be  checked.  The  purpoee 
of  this  paper  b to  present  preliminary  experimental  results  which  may  shed 
some  light  on  the  validity  of  theee  major  assumptions. 

The  wear  <Kiuatlon  wsji  derived  by  assuming  that  delaminatlon  crack 
propagation  is  similar  to  fatigue  crack  propagation.  This  assumption  was 


PIK.  1.  A typical  plot  of  the  crack  axtanaion  par  oyela  oa.  tha  logarithm  of  tha  change  in 
the  atraaa  Intanalty  factor  (from  raf.  3).  Tha  primary  maohaniami  may  ba  dividad  Into 
three  raglmea:  regime  A,  non-conllnuum  meohanlima,  ihowing  a large  Influence  of  (I) 
mlcroilrucuira,  (II)  mean  atraaa  and  (Hi)  anvlronmant;  regime  D,  continuum  machanlama 
(atrlallon  growth),  ihowing  little  Influence  of  (I)  microatruotuia,  (II)  mean  atruM,  (ill) 
dilute  environment  and  (Iv)  thlckneia;  regime  C,  "Uatio  mode”  mechanlima  (cleavage, 
Intergranular  and  flbroui),  ihowing  a large  influence  of  (I)  rnlcrnitructure  and  (il)  thick’ 
naai  but  little  iiiflupnoe  of  the  environment. 

hitsed  on  the  fHut  that  both  typng  of  oraokg  are  Bubjocteil  to  cyclic  loading. 
Fatigue  cracki  certainly  grow  cyclically.  Since  the  gtrew  In  front  of  a gliding 
agperlty  contact  ig  compreggive  and  the  atreu  behind  guch  a contact  la  ten- 
glle,  thon  aa  aapeiitieg  glide  along  a aurfaoo  each  point  below  the  aurface 
undergoea  cyclic  loading.  Furthermore,  delamlnatlon  cracka  have  been  often 
obaerved  at  varioua  utagea  of  growth;  thug  delamlnatlon  cracka  grow  in- 
crementally rather  than  in  one  atep  aa  In  atatio  fracture. 

It  atm  remalna  to  be  proved  that  fatigue  crack  growth  ratea  and  delam- 
ination crack  growth  ratea  can  be  correlated.  In  order  to  introduce  auch 
proof,  It  la  fint  neceaaary  to  diacuaa  the  characterlatlca  of  fatigue  crack 
growth. 

It  hna  long  been  known  that,  if  the  omok  extenalon  per  loading  cycle 
d j/dAT  la  plotted  agalnat  the  logarithm  of  ti.«  change  in  atveai  interiaity  factor 
Ak  at  the  tip  of  the  crack,  the  ahape  of  the  curve  la  independent  of  the 
material.  A typical  curve  la  ahown  In  Pig.  1 (from  ref.  3).  There  are  three 
regimea  of  growth:  a threahoid  regime  (region  A),  a ateady  growth  regime 
(region  B)  and  a atatio  mode  regime  (region  C).  In  the  threahoid  regime  the 
average  crack  extenaion  per  cycle  la  of  the  order  of  atomic  dlmenalona  or 
leaa.  Thua  continuum  mechanlca  doea  not  apply  in  this  region  and  tha  cracka 
grow  in  apurta,  i.a.  they  do  not  grow  in  aome  eyelet  and  they  grow  by  aeveral 
atomic  diameten  in  other  cyclea , In  Uic  atatic  mode  regime  the  crack  exten- 
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Bion  per  cycle  ii  on  the  order  of  part  size;  continuum  mechanics  applies  but, 
since  the  stress  intensity  factor  at  the  tip  of  a crack  increases  significantly 
in  each  cycle  owing  to  the  large  extension,  the  relationship  between  the 
crack  extension  and  tiie  logarithm  of  the  stress  intensity  factor  is  non-linear. 

In  the  steady  growth  regime  cracks  grow  at  a constant  extension  per 
cycle  and  the  stress  Intensity  factor  increases  slowly.  Fatigue  striatlons  axe 
produced.  It  has  been  shown  empirically  that  the  relationship  between  Ale 
and  da/dAT  In  the  steady  growth  regime  is  of  the  form 

da 

---  - c(Aiir  (1) 

CUV 

where  C and  m are  material  properties;  m is  usually  of  the  order  3-4. 

Equation  (1)  was  used  in  the  previous  paper  [1]  to  derive  a wear  equa- 
tion by  assuming  thut  delamination  crack  growth  is  described  by  eqn.  (1). 
Several  questions  arise  In  connection  with  this  assumption.  Since  most 
fatigue  data  are  taken  under  mode  I (tensile)  conditions  and  since  It  is  not 
known  whether  delamination  cracks  grow  by  mode  I,  by  mode  II  (in-plane 
shear)  or  a by  combination,  can  eqn.  (1)  be  used  at  all  7 If  the  correlation 
l>etween  fatigue  and  delamination  exists,  do  delamination  cracks  grow  in 
region  B where  eqn.  (1)  applies  ? These  questions  will  be  considered  in  the 
discussion.  We  will  now  turn  to  the  demonstration  of  a correlation  between 
fatigue  crack  growth  rates  and  wear  rates. 


Experimental  materials 

The  ideal  method  of  demonstrating  the  correlation  would  be  to  select 
a material  and  to  treat  it  to  obtain  widely  different  fatigue  crack  growth 
rates  while  keeping  all  other  properties  as  constant  as  possible.  However,  this 
is  almost  Impossible.  It  has  been  shown  that  fatigue  crock  growtli  rates 
correlate  well  with  the  Young's  modulus  but  do  not  correlate  at  all  with  such 
parameters  os  the  yield  strengtii  [4,  5] . This  indicates  that,  although  the 
material  at  the  tip  of  a growing  crack  is  plastic,  the  elutic  properties  dom- 
inate the  crack  propagation  in  cyclic  loading  situations  where  linear  elastic 
fracture  mechanics  is  valid. 

The  significance  of  this  finding  is  that  it  is  difficult  to  obtain  different 
&tigue  crack  growth  rates  wltliout  other  mgjor  changes,  such  as  changing 
the  major  constituent  of  the  alloy.  Yet  some  changes  in  fatigue  crack  growth 
rates  are  found  In  aluminum  alloys. 

Hahn  and  Simon  [6]  collected  crack  growth  rate  data  for  various 
aluminum  alloys.  The  data  were  generated  at  many  laboratories  under  varying 
conditions.  The  two  alloys  for  which  the  most  dal.n  were  available  were 
7075-T6  and  2024-T3.  Hahn  and  Simon  found  that  the  data  agreed  quite 
well  and  ehoWed  that  the  fatigue  ormik  propagation  rate  of  7076-T6  was  three 
times  that  of  2024  in  dr}’  alt,  five  times  that  of  2024  in  wet  air  and  ton 
times  that  of  2024  if  Ak  was  proportional  to  the  yield  strsMa.  Plots  of  do/dJV 
for  the  two  aluminums  are  shown  in  Fig.  2. 


KIg.  9.  PloU  of  daliN  m.  log  M foe  (n)  7Q75  T6  and  (b)  aoa4-T3  alumiinum  (from  rtf,  «). 

(i)  (1 ) Dry  •(moaphtrf*  and  high  cyclic  I'rcqucnelw,  — • • — dry  argon, 143  Ha, dry 

air,  57  Hi|  (9)  dry  atmoapharaa  and  Intarmadiata  cyclic  fraquanclaa,  CZ  band  dnfinad  by 
lita  moan  value*  of  ulna  different  atudiM  In  dry  air  or  laboratory  air  at  0,5  - 30  Ha;  (3) 
corroilva  atmoaphorat  and  Intarmadlata  cyclic  frcquanolco;  Ih*  ohadad  band  I*  dafinod  by 
the  moan  valuer  of  lia  diffarant  atudlao  In  humid  air,  water  or  NtOI  aolutlon  mI  0.5  - 30  Ha. 

(b)(1)  Vacuum  or  dry  almnapherM  and  high  cyclic  frcqucnolaa, 5%  r.h.,  57  Ha, 

• • ■ vacuum;  (3)  laboratory  air,  dband  dafined  by  eight  different  InVaatlgatluna;  (3)  moll' 
atmoapharaa,  — . . — over  00%  r.h.  and  dlatllled  water, ' ‘ ' 100%  r.h, 
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Therefore  it  was  coiiaiidGred  useful  to  study  the  wear  rates  of  the  two 
aluminums.  The  alloys  have  similar  microstructures;  in  both  cases  the 
precipitates  are  intermetallic  compounds  and  the  precipitate  size  and  spacing 
are  approximately  the  same  [7] . Yet  in  order  to  able  to  interpret  the 
experimental  data  it  is  necessary  to  consider  the  effect  of  the  differences  in 
the  hardness  and  ti>e  crack  propagation  rate  on  the  wear  behavior. 

The  hardness  of  7075-T6  is  approximately  5/4  times  that  of  2024-T3. 
Making  the  rough  assumption  that  ^e  deformation  rate  is  controlled  by  the 
hardness  and  that  crack  siucleation  is  similar  in  both  materials,  the  crack 
nucleation  rate  of  7075-T6  should  be  4/5  times  that  of  2024-T3.  Also,  since 
the  number  of  asperity  contacts  depends  almost  linearly  on  the  applied 
normal  load  [8] , the  stress  at  an  asperity  contact  Is  roughly  constant  and  is 
probably  related  to  the  hardness;  thus  the  number  of  asperity  cnntacU  or 
loading  cycles  for  7076'Tfl  should  bo  about  4/B  times  that  of  2024-T3. 

The  stress  Intensity  factor  of  a delaminoUon  crack  is  )iroportlonal  to 
the  stress  at  an  asperity  contact,  and  the  location  of  the  propagating  crack 
(i.e.  the  distance  from  the  surface  to  the  location  where  the  stress  intensity 
factor  is  a maximum)  depends  sensitively  on  the  traction  at  the  asperity  con- 
tact [ Tj . However,  it  is  not  known  how  this  contact  stress  is  related  to  the 
hardness.  Thus  I*  is  nut  certain  whether  Alt  in  wear  is  pruportionol  to  the 
yield  strength.  If  we  assume  that  the  maximum  Ak  is  nearly  the  same  for 
both  alloys,  the  delamination  crack  propagation  rate  in  7076-T6  should 
be  3 • 10  times  that  of  2024-T3  at  a given  value  of  Alt.  Cunsideiing  the  dif- 
ferences in  nucleation  rate  and  numl»r  of  loading  cycles  as  well  as  the  crack 
propagation  rate  the  wear  rate  of  7076-T6  should  be  (3  - 10)  (4/5)  (4/5)  or 
2 - 7 times  that  of  2024-T3. 


Specimen  preiraralion  and  testing 

As-received  9.6  mm  (3/8  in)  burs  of  7076-T6  aluminum  and  6.4  mm 
(0.262  in)  bars  of  2024-T3  aluminum  v;ere  turned  and  polished  to  a diameter 
of  6.36  mm  (0.25  in).  The  polishing  was  performed  using  uuccnsaively  finer 
grits,  ending  with  0.5  p m diamond  paste.  This  was  done  to  ensure  a smooth 
surface,  to  minimi.'ce  subsurface  damage  and  to  minimize  transient  wear  due 
bv  aspevity  deformation, 

The  speclmons  were  tested  using  a cylinder-on-cylInder  geometry.  Each 
specimen  was  placed  In  a lathe  chuck  and  was  rotated  against  a stationary 
AIBI  62100  steel  slider  of  diameter  6.36  mm  (0.25  In).  The  normal  and 
tangential  loads  were  monitor-Kl  by  ttrsin  gages  on  the  slider  support  bar, 
which  were  connected  to  a Sanborn  recorder. 

The  sliding  pair  wsw  enclosed  in  a chamber  which  was  evacuated  before 
the  test.  Dtirlng  the  test  the  chamber  was  filled  with  argon  gas  The  argon 
was  dried  by  pauing  it  through  calcium  carbonate  before  entering  the  cham- 
lier.  During  the  test  the  chamber  was  vented  through  a bubbler  to  ensure  a 
small  positive  pressure  within  tite  chamber. 
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TABLE  1 

RriulU  of  wear  tniti  on  707K-T6  and  2024-T3  aluminum* 


Material 

Toat  time  (min) 

Walghl  liMi  (mg) 

2024T3 

6.0 

0.36 

7.6 

0.44 

10.0 

0.46 

12.6 

0.67 

16.0 

0.70 

707ll-'li’6 

6.0 

0.16 

7.6 

0.30 

10.0 

0.30 

12.6 

0.44 

16.0 

0.64 

*1  kH  normal  load;  2 m min  * alldinn  iprcd;  coefflclunt  of 
friction  0.3  - 0.3H. 


Pig.  3.  The  worn  volume  Ui.  tli«  eliding  dliUnoo  for  707&-T6  (0)  and  2024-T3  (6)  alumL 
num  with  an  uiaumad  darn Ity  of  2.7  g cm  '*. 

All  t«itii  were  run  at  a gliding  gpeed  of  2 m min  ‘ and  a normal  load 
of  1 kg.  Toiti  were  perfomxcd  on  each  alloy  for  gliding  rlliiancea  of  10,  15, 
20,  25  and  <10  m.  Wear  waa  meaaured  by  weighing  each  it«ecimen  before  and 
after  the  teat  to  an  accuracy  of  0.01  mg.  The  reaultn  are  tabidated  in  Table  1. 


Keaulte  and  dUouMlon 

In  all  oases,  the  steady  state  coefficient  of  friction  varied  from  G.3  to 
0.38  during  the  test. 

Figure  3 shows  the  volume  worn  an  a function  of  the  sliding  distance. 
Ijoaet-square  fits  to  the  data  are  also  shown.  The  707b  specimen,  despite  itit 
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brinK  hardor  than  the  2024  apoclmcn,  exhibita  a hiKher  wenr  rate  by  a factor 
of  1.34  (0.83  X 10  * mm®  m ‘ and  0.62  X 10  ■-*  mm*  m * respectively). 

This  indicates  that  there  is  a correlation  between  the  fatigue  crack  propaga- 
tion rate  and  the  wear  rate  (or  tlie  delamination  crack  propagation  rate)  even 
though  the  wear  rate  ratio  is  not  as  high  as  expected.  This  is  probably  be- 
cause the  assumptions  used  to  predict  the  wenr  rate  ratio  are  extremely  crude 
and  because  microstruutural  differences  were  ignored. 

Figure  3 also  shows  that  the  amount  of  wear  of  7075  was  less  than  that 
of  2024  even  though  the  rate  was  higher  for  7075.  This  is  probably  due  to 
the  smaller  size  of  the  original  2024  rods;  the  2024  was  polished  less.  Tests 
could  not  be  run  at  higher  sliding  distances  since  the  geometrical  changes 
duo  to  wear  became  too  large. 

It  is  still  impossible  to  answer  the  first  question  about  the  mode  of 
crack  propagation  and  the  values  of  C and  m.  However,  something  may  be 
said  about  the  applicability  of  ecin.  (1),  i.e,  whether  delamlnation  cracks 
grow  in  region  B of  Fig,  1.  Jahanmir  and  Suh  [2]  calculated  that  delamination 
cracks  in  mild  steel  grow  at  about  10  * mm  cycle  We  have  not  yet  been 
able  to  calculate  approximate  crack  propagation  rates  in  aluminum  in  a 
similar  manner  from  wear  test  results;  however,  it  is  reasonable  to  assume  a 
crack  propagation  rate  of  about  10  times  that  of  steel,  or  of  10  * mm/cycle. 
This  is  in  region  B for  the  curves  in  ref,  6 for  aluminum.  Thus  eqn.  (1)  is 
probably  apiilicublc  although  w.:  cannot  apply  it  to  wear  until  more  is  known 
about  the  mechanics  of  inte'.uction  as  discussed  in  ref.  1. 


Conclusions 

Preliminary  exiwrimental  results  indicate  that: 

(1)  wear  rates  may  be  correlated  with  crack  propagation  rates;  and  that 

(2)  delamination  cracks  may  propagate  in  a manner  described  by  an 
equation  of  the  form  dajdN  <•  C(Afc)'". 
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Summary 

I’he  effect  of  solute  atoms  on  oHding  wear  was  studied  by  alloying 
OFHC  copper  with  chromium,  silicon  and  tin.  Tiio  hardness  was  found  to 
increase  linearly  with  the  atomic  solute  content  although  the  rate  of 
hardening  was  different  for  different  solutes. 

Microscope  obsorvations  show  that  the  principal  mode  of  wear  is  indeed 
delamination.  The  results  further  show  that  both  the  wear  rate  and  the  fric- 
tion coefficient  arc  reduced  when  the  solute  content  Is  increased.  The 
reduction  in  the  friction  coefficient  is  a consequence  of  reduced  plowing 
contribution  to  the  tangential  component  of  the  surface  traction.  Both  the 
increase  in  hardness  and  the  decrease  in  the  friction  coefficient  reduce  the 
wear  since  both  affect  the  subsurface  deformation  rate  and  consequently  the 
crack  nucloation  rate.  The  lower  coefficient  of  fhetion  also  reduces  the  crack 
propagation  rate  and  the  thickness  of  the  wear  sheets. 


Introduction 

The  limitations  and  shortcomings  of  the  adhesion  theory  [1,2],  such  as 
the  inability  to  explain  the  effect  of  microstructure  on  wear,  have  been 
elaborated  in  previous  papers.  Subsurface  defomatlon,  crack  nucleation  and 
crack  propagation  are  the  basic  processes  of  delamination  wear  [8] . They 
can  occur  sequentially  if  the  metal  can  deform  plastically  and  is  free  of  pre- 
existing voids  and  cracks,  or  simultaneously  if  the  material  contains  those 
imperfections.  It  is  well  established  that  these  processes  are  structure 
sensitive,  thus  implying  that  the  mlorostmctuie  plays  an  important  role  in 
determining  the  wear  properties  of  materials. 

Generally,  hardness  is  considered  to  be  the  most  Important  property  in 
determining  the  wear  rate.  The  adhesion  theory  attributes  the  lower  wear 
rates  of  harder  materials  to  the  reduction  of  the  teal  area  of  contact  and  thus 
a smaller  number  of  welded  Junctions.  The  delamination  theory,  however, 
postulates  that  the  hardness  is  Important  since  it  affects  the  rate  of  plastic 
deformation  and  the  surface  tract  ion  at  each  asperity  which  in  turn  controls 
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the  subBurfaee  deformation,  crack  nucleation  and  crack  propagation  pro- 
cesBea.  Furthermore,  the  dclamination  theory  of  wear  predicts  adverse 
effects  if  the  hardness  is  increased  by  introducing  inclusions  which  act  as 
crack  nucleation  sites. 

Thus,  raising  the  hardness  while  suppressing  crack  nucleation  and  crack 
propagation  is  a good  method  for  deareasing  the  wear  rates  of  a material. 
The  objective  of  the  present  paper  is  to  investigate  the  effect  of  hardening 
via  substitutional  solid  solution,  without  any  appreciable  amount  of  second 
phases  which  promote  crack  nucleation.  The  results  show  that  such  a 
manipulation  of  the  microstructure  decreases  the  wear  rate  as  predicted  by 
the  delamination  theory. 


Experimental  materials  and  procedures 
Matertala  prtparation 

OFHC  copper,  copper-chromium  (0.68  and  0,81  at.%  Or),  copper^ 
silicon  (2.3  and  8.6  at.7o  SI)  and  copper-tin  (1.4,  3.4  and  5,7  at.%  Sn)  alloys 
were  investigated.  The  copper-chromium  alloys  were  supplied  by  the 
American  Metal  Climax  Inc.  Copper-silicon  and  copper-tin  solid  solutions 
were  prepared  by  melting  OFHC  Cu  with  the  desired  amount  of  solute  in  an 
induction  furnace  under  a dry  and  purified  argon  atmosphere.  Graphite  was 
used  both  as  a susceptor  and  as  a mold  In  the  case  of  copper-tin  alloys.  For 
copper-silicon  alloys,  aluminum  oxide  molds  were  used  to  avoid  the  reaction 
between  silicon  and  graphite.  The  temperature  was  monitored  by  means  of 
an  optical  pyrometer  to  an  accuracy  of  i6  °C.  After  reaching  the  desired 
temperature  (1160  "C  for  Cu-Sn  and  1460  “C  for  Cu-Sl),  it  was  maintained 
for  1 h to  allow  good  mixing  of  the  two  components  of  the  alloy.  The 
cooling  was  very  slow  until  the  solvus  temperature  was  reached  and  then  the 
cooling  rate  was  increased  to  minimize  precipitation  during  cooling, 

The  cast  tods  with  a diameter  of  17  mm  ware  then  encapsulated  in 
Vycor  tubes  under  vacuum  an<  lomogenized  at  BOO  "C  for  60  h.  The  temp- 
erature was  controlled  to  within  "C.  After  homogenization,  the  rods  were 
swaged  down  to  a diameter  of  approximately  7 mm  and  then  machined  to  a 
diameter  of  6 mm  in  two  posses  at  a spindle  speed  of  214  rev  min  * and  a 
feed  rate  of  0.06  mm  rev' The  machined  rods  were  polished  with  emery 
papers  of  different  grit  size.  After  fifitl  polishing  with  4/0  emery  paper  the 
specimens  were  vacuum  sealed  in  Vycor  tubes  and  were  reorystaliiz^.  Other 
details  are  given  in  Table  1,  and  repreioniativc  microsti  uotures  are  shown  in 
Fig.  1. 

After  heat  treatment,  the  specimens  were  finished  with  3 pm  diamond 
lapping  compound.  Then  they  were  washed  with  soap  and  water,  rinsed  with 
alcohol  and  dried  with  an  air  blower.  The  specimens  were  then  weighed  to  an 
accuracy  of  0,01  mg  and  tested. 
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TABLE  1 

Expi'rlmenlal  matprlalii:  ooppar  tolid  toluUunt* 


Alloy 

Cumpnaltliin 

nccryatallUalluii  traatment 

Grain  alzn 

Wt.% 

At.% 

T«mporatur«  ro  Timo(mln) 

OFHO  Cu 

.... 

,160 

250 

28 

Cu  Sn 

2.5 

1.4 

700 

120 

35 

Cu  Sn 

6.0 

a.4 

790 

60 

40 

Cu  Sn 

10.0 

5.7 

700 

30 

30 

Cu  SI 

1.0 

2.9 

850 

300 

75 

Cu  SI 

1.0 

8.6 

850 

300 

90 

Cu  Cr 

0.47 

0.68 

1070 

5 

460 

Cu  Cr 

0.66 

O.Hl 

1070 

6 

485 

♦Tim  purlly  or  the  rnuUirlaU  uwd  w«»:  OFHO  09.08%;  Sn  00.89%;  81  99.9090%, 


rig.  1.  O.pMoil  miorographi  allowing  th«  repraavniativa  miDroatruoluraa  of  aolld  aolutloiM: 
a)  OFHC  copper,  (b)  Cu  6.7  at.Td  Sn,  (o)  Cu  8.6  .«L%  SI  and  (d)  Cu  0.81  ul.%  Cr, 


IVear  teit$ 

Wear  tests  were  carried  out  on  a lathe  using  a oyllrtder-on-cyllnder 
geometry.  The  specimens  were  rotated  by  the  spindle  of  the  lathe  and  the 
stationary  slider  was  held  in  a holder  connected  to  a lat'\e  tool  dynamometer. 
The  slider  was  made  of  AISI  62100  steel  (Brineli  hardness  660  kg  mm  and 
was  polished  to  the  same  conditions  as  the  specimens.  The  dynamometer  was 
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attached  to  the  carriage  of  the  lathe  and  the  normal  force  was  applied  by  the 
transverse  motion  of  the  carriage.  Both  normal  and  friction  forces  were 
measured  by  a strain  gage  assembly  and  were  monitored  by  a Sanborn  321 
Recorder.  The  normal  load  was  2 kg  in  all  cases.  I'ho  tests  were  carried  out 
for  100  min  (which  for  the  applied  load  was  sufficient  to  reach  the  steady 
state  delamination  process).  In  order  to  avoid  temperature  effects,  all  the 
tests  were  carried  out  at  a sliding  sp'^ed  of  200  cm  min  ‘ . To  minimize  sur- 
face oxidation  during  tests,  the  sliding  surfaces  were  enclosed  in  a chamber 
which  was  evacuated  before  each  test  and  filled  with  purified  argon  during 
the  test.  A schematic  drawing  of  the  apparatus  is  shown  in  Fig.  2. 


Cepp»r  Chipi 


MetcHogmphy 

The  wear  track  surface  and  subsurface  were  observed  in  a scanning 
electron  mlcroscoiM  (SEM),  For  wear  track  observations  no  special 
preparation  was  required.  For  subsurface  observations  the  speolmens  were 
mounted  in  plastic  mounts  and  polished  on  silicon  carbide  papers  until  the 
desired  location  in  the  wear  track  was  reached.  Next,  metallographic 
polirihing  was  carried  out  in  a vibrating  polisher  with  a slurry  of  0.06  pm 
alumina  powder,  Then  the  specimens  were  etched  with  potassium  dlohromate 
solution.  The  polishing  and  etching. were  checked  in  on  optical  microscope 
and  when  the  conditions  were  satisfactory  the  specimens  were  removed  horn 
the  mounts,  cleaned  and  observed  in  the  SEM. 


Experimental  results 

Figure  3 shows  that  the  Vickers  hardness  of  the  solid  solutions  increases 
linearly  with  increase  of  the  solute  content.  It  can  also  be  seen  that  different 
elements  produce  different  hardening  for  the  same  atomic  content  of  solute. 
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ATOMIC  % SOLUTE 


Fig.  n.  Th«  Vlckttr*  mlurohnrdnvu  under  a 200  g load  M.  the  atuniic  per  cent  of  aolute. 
Kavh  point  repreienU  an  uverage  of  five  meaaurementa  and  the  hara  repreaent  the 
atandard  devlulion, 

A (food  Improvement  io  obtained  for  CU''6.7  at.%  3n  solid  solution  whose 
hardness  is  twice  that  of  OKHC  copper.  The  addition  of  silicon  to  copper  is 
not  as  effective  as  that  of  tin  but  there  is  still  an  increase  of  about  60%  for 
Cu”8,6  at.%  Si.  In  Cu”Cr  alloys,  no  hardening  was  noticed  because  of  the 
low  atomic  content  of  Cr  used  owing  to  the  limited  solid  solubility  of 
chromium  in  copper.  These  results  are  in  good  agreement  with  the  work  done 
on  solid  solution  hardening  of  oopper>based  alloys  [4,  61 . 

An  immediate  consequence  of  the  alloying  was  changes  in  the  friction 
coefficient  for  different  compositions.  Figure  4 shows  that  the  friction 
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Klg,  4,  Tha  friotion  a»africl«nl.  aa  a function  of  the  atomic  ounlant  of  aolute.  The  friction 
coefficient  was  oaloulated  using  the  steady  state  tangential  force,  The  sliding  spaed  was 
2 m min'^, 
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cotiffUsient  deeroaMS  linearly  with  the  increane  in  the  atomic  content  of 
solute  in  the  oases  of  Cu  8n  and  Cu--Si.  However,  for  Cu-Cr  alloys  the  fric- 
tion coefficient  is  lowered  by  adding  only  u small  percentage  of  chromium 
and  does  not  decrease  as  the  chromium  percentage  Increases. 


ATOMIC  % SauTE 


Fig.  5.  Th«  w»sr  rsta  u s funotlon  of  tha  stomla  par  cant  of  lulula.  Tht  normal  load  wai 
2 kg  and  tha  duration  of  tho  taata  waa  100  min. 


Fig.  6.  Scanning  alactron  mioroyraphi  of  waar  tracks:  (a)  OFHC  copper,  (b)  (iu  0.7  at.% 
Bn,  (c)  Cu-8.6  at.%  Si  and  (d)  Cu  0.81  !it,%  Cr.  Tha  normal  load  was  2 kg  at  a sliding 
■paad  of  2 m min  ' and  tha  sliding  dialanca  waa  200  m. 
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'I'ho  of  oompoBition  on  the  wear  rates  is  sliown  in  Fig.  5,  The 
wear  rate  is  (ieeroasod  as  the  amount  of  solute  increases,  but  the  decrease  is 
different  for  cilfferenl  solutes,  particularly  for  silicon  and  tin.  In  the  cose  of 
Cu  c;r  alloys  there  is  uncertainty  in  defining  a curve  since  the  experimental 
points  are  very  close. 

Microscopt?  examination  was  conducted  to  check  whether  or  not  the 
deluminalion  process  orcurred.  Figure  6 shows  scanning  electron  micro- 
graphs of  some  of  i.he  materials  tested.  The  sliding  direction  in  all  micro- 
graphs is  from  the  rigid  to  the  loft.  The  micrographs  clearly  show  that 
delarnination  wear  sheets  have  formed.  It  is  also  Intcreoting  to  note  that  the 
lop  surface  of  the  particles  is  very  smooth. 

Figure'  7 shows  scanning  electron  micrographs  of  the  subsurface  of  the 
NuiiH!  specimens  ns  in  Fig.  6.  The  sliding  direction  is  again  from  the  right  to 
the  left,  'i'heso  micrographs  indicate  that  cracks  tend  to  propagate  parallel  to 
the  surface  and  then  to  extend  to  the  surface.  The  depth  at  which  cracks 
propagutt'  seems  to  be  different  for  specimens  with  different  compositions. 
This  difference  is  more  striking  lietween  micrographs  (a)  and  (b)  in  Fig.  7; 


Fig.  7.  Scsnnlng  elsoUon  mlcrogrsphs  of  th«  tuiMUrfscei.  The  msterleli  and  teat  condl- 
tlonn  ai-e  the  aame  u In  the  previous  figure. 


li 

Ihe  former  (OFHC  Cu)  shows  cracks  propagating  at  a depth  of  the  oi-der  of 
BO  pm,  and  the  latter  (Cu-6.7  at.%  Sn)  shows  cracks  at  a depth  of  th€>  order 
of  IB  pm, 


Discuuion 

The  microscope  observations  of  the  worn  specimens  show  throe  facts : 

(a)  that  wear  sheets  formed  by  cracking  (Fig,  6);  (b)  that  there  was  extensive 
subsurface  deformation;  and  (c)  that  there  are  subsurface  cracks  running 
parallel  to  the  surface  (Fig.  7).  These  observations  confirm  that  delainination 
wear  was  occurring. 

The  experimental  results  presented  in  the  last  section  show  that  the 
addition  of  solutes  to  copper  increases  the  hardness,  as  shown  in  Fig.  3;  the 
presence  of  solutes  also  decreases  both  the  wear  rate  and  friction  coefficient 
us  shown  In  Figs.  6 and  4,  respectively.  We  shall  first  consider  these  results  in 
terms  of  the  mechanics  of  subsurface  deformation,  crack  nucleation  and 
crack  propagation.  Then  the  metallurgical  aspects  will  be  considered. 

Measurements  to  quantify  the  subsurface  deformation  liave  l>een  made 
in  the  past  (tij  an<i  plastic  strains  as  high  as  16  or  greater  have  been  found 
for  situations  similar  to  those  in  this  study;  these  strains  are  much  larger 
than  those  encountered  in  normal  bulk  deformation  and  can  only  be 
explained  in  terms  of  the  effect  of  the  high  hydrostatic  pressure  acting  near 
the  asperity-surface  contact  and  of  cyclic  creep.  The  mechanism  of  plastic 
deformation  under  cyclic  loading  due  to  the  normal  and  tangential 
components  Is  discussed  in  the  companion  paper  by  Jahanrnir  and  Suh  [7] , 

The  pro(;ess  of  cyclic  creep  in  a sliding  situation  can  be  stated  us 
follows.  When  two  surfaces  ore  brought  together,  contact  is  only  established 
at  the  asperities  [1] . As  the  contact  area  is  very  small,  local  pUstlc  deforma- 
tion will  oc(.'ur  under  the  asperities.  Increasing  the  hardness  increases  the  load- 
carrying  capacity  at  each  asperity,  but  to  a first  order  approximation  the 
plastic  rone  size  and  the  area  of  contact  are  not  changed.  However,  the 
number  of  contacting  points  will  be  decreased,  which  decreases  the  real  area 
of  contact  [8} . Thus  the  main  role  of  the  hardness  is  in  controlling  the 
number  of  contacting  points  and  the  magnitude  of  the  compressive  stress 
below  each  contact  point,  Witen  a tangential  displacement  is  imposed  on  the 
asperities,  a friction  force  is  generated.  This  combination  of  normal  and 
tangential  tractions  results  in  a zone  of  compressive  stresses  below  and  olmad 
of  the  as|>erities  and  u zone  of  tensile  stresses  beiilnd  the  asperities,  (The  size 
o.f  the  zone  of  tensile  stresses,  as  well  os  the  magnitude  of  the  stresses,  is 
chiefly  controlled  by  the  tangential  traction  and  thus  by  the  friction  coeffi- 
cient,) Therefore,  the  material  near  the  surface  will  ex|7erlence  a cyclic  state 
of  loading  each  time  an  asperity  passes  by.  Since  the  loading  history  is  the 
same  for  all  a8|>eritie8,  the  cyclic  loading  is  characterized  by  a constant  stress 
amplitude  which  will  be  determined  by  the  hardness  and  friction  coefficient. 
The  number  of  cycles  at  a given  location  is  given  by  the  number  of  asperities 
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that  havo  paascnt  jver  that  location.  Although  the  cyclic  stress-strain  charac- 
t(‘ristic8  of  the  present  materials  are  not  known  precisely,  the  cyclic  loading 
can  give  rise  to  a process  of  cyclic  softening  and  cyclic  creep.  This  may  have 
contributed  to  the  large  amount  of  subsurface  deformation  that  has  been 
observed  in  addition  to  the  deformation  mechanism  analyzed  elsewhere  [7] . 

Therefore  alloying  affects  the  process  of  subsurface  deformation  in  two 
ways;  (a)  it  increases  the  hardness  (Fig.  3),  which  reduces  the  number  of 
cycles  for  a given  sliding  distance;  and  (b)  it  reduces  the  friction  coefficient 
(Fig.  4),  which  results  in  a reduction  of  the  cyclic  stress  amplitude. 

As  deformation  continues,  cracks  will  be  nucleated  when  the  condi- 
tions for  nucleation  are  satisfied.  It  has  been  shown  in  a previous  paper  [7] 
that  for  two-phaso  metals  the  depth  at  which  voids  can  be  formed  decreases 
when  the  friction  coefficient  is  r^ucod.  However,  there  are  two  difficulties 
with  that  analysis  when  extended  to  single-phase  materials.  First,  the  mech- 
anism of  crack  nucleation  is  not  known  precisely  for  the  case  of  single-phase 
materials.  Secondly,  the  analysis  does  not  hold  for  coses  where  no  particles 
ore  present.  Nevertheless,  cracks  do  nucleate  and  it  Is  conceivable  that  the 
influence  of  the  friction  coefficient  will  be  the  same.  This  means  that  a 
reduotlon  in  the  friction  coefficient  decreases  the  depth  at  which  cracks  arc 
likely  to  lie  nucleated,  which  leads  to  a reduction  in  the  wear  rate. 

After  cracks  are  nucleated,  they  will  propagate.  The  mechanics  of  crack 
growth  were  analyzed  In  a previous  paper  [9] ; the  results  show  that  both  the 
depth  and  growth  rate  of  the  fastest  growing  crack  are  reduced  when  the 
friction  coefficient  is  reduced,  llois  further  Implies  that  the  wear  particles 
will  be  thinner  when  the  friction  coefficient  is  reduced  loading  to  lower 
wear  rates. 

Figur<>  6 sluiwH  that,  the  reduction  of  the  wear  rate  is  less  in  the  case  of 
the  Cu-  Si  system  than  in  the  case  of  Cu-Rn.  This  is  duo  to  the  fact  that  in 
Cu  Si,  the  friction  coefficient  is  slightly  higher  (Fig.  4)  and  the  hardness  is 
lower  (Fig.  3)  than  in  the  case  of  Cu  Sn.  Also  Cu -Cr,  which  has  the  lowest 
hardness  of  all  the  alloys,  exhibits  wear  rates  comparable  with  Cu-Sn, 
ticcause  its  friction  coefficient  Is  the  lowest  among  all  the  alloys  (Fig.  4). 
Theso  results  are  in  agreement  with  the  discussion  given  above. 

Although  an  explanation  of  the  results  has  been  given  in  terms  of 
phenomenological  quantities  such  as  hardness  and  friction  coefficient,  the 
role  of  solutes  in  the  delaminatlon  wear  should  be  clarified.  How  solute 
additions  affect  the  cyclic  behavior  of  the  material,  crack  nucleation  and 
crack  propagation  are  important  basic  questions.  Unfortunately,  all  those 
effects  are  not  known  at  present  and  even  a qualitative  explanation  is  not 
possible.  In  any  case,  crack  nucleation  and  crack  propagation  do  not  seem  to 
be  the  dominant  processes  in  these  alloys.  If  they  were,  the  wear  rate  would 
not  have  decreased  as  the  solute  content  is  increased  because  any  addition  of 
BolutcH  tends  to  accelerate  the  crack  nucleation  and  crack  propagation 
processes. 

The  variations  In  the  friction  coefficient  a»  a function  of  composition 
also  support  the  delamination  theory.  'I'wo  mechanisms  have  been  proposed 


74 


to  explain  the  (jcMieration  of  friction  forces ; adhesion  at  the  contactinij 
asperities  [2]  and  plowing  of  softer  metal  by  hard  asperities  1 10] . The 
adhesion  model  explains  the  friction  coefficient  in  terms  of  the  ratio  of  the 
energy  of  adhesion  to  the  hardness,  Although  the  effect  of  alloying  on  the 
surface  energy  is  not  known  precisely,  it  is  reasonable  to  assume  that  it 
changes  linearly  with  the  composition  over  a narrow  range.  The  percentage 
change  in  surface  energy  by  the  rule  of  mixture  is  then  about  the  same  as 
the  atomic  per  cent  of  the  solute.  This  leads  to  a range  of  vidues  of  900  - 
1100  erg  cm  " for  nil  alloys.  With  that  assumption,  the  change  in  surface 
energy  alone  cannot  explain  the  variations  observed  in  the  friction  coeffi- 
cient. In  contrast,  if  plowing  is  important  a variation  in  the  friction  coeffi- 
cient os  hardness  changes  would  be  expected.  Figure  8 shows  that  the 
friction  coefficient  decreases  linearly  with  the  increase  in  the  hardness.  This 
result  follows  the  same  trend  as  results  reported  in  the  past  for  cubic  metals 
under  abrasive  conditions,  when  plowing  is  the  important  mechanism  1 11  j . 
Although  the  degree  of  plowing  is  much  smaller  in  the  present  work,  the 
same  mechanism  still  seems  to  be  operating.  Nevertheless,  the  effect  of 
surface  energy  cannot  be  neglected  altogether  since  Fig.  8 does  not  show  a 
unique  relationship  between  friction  coefficient  and  hardness;  also  Cu-Cr 
alloys  exhibit  low  friction  coefficients  in  spite  of  low  hardness. 

Further  work  must  be  done  to  clarify  the  effect  of  solutes  on  the  cyclic 
creep  behavior  of  materials  and  the  crack  nucleation  and  crack  propagation 
)>rocesDos,  The  main  finding  of  this  work  is  that  adding  solutes  to  t)ure  metals 
decreases  the  wear  rate  because  of  the  increase  in  hardness  and  the  reduction 
In  friction  coefficient. 
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Conoluriiuns 

Mlcrostiopc  ol)servntlon8  conduotnd  on  worn  specimens  show  thut  wear 
in  copper-based  solid  solutions  occurs  us  postulated  by  the  delarnination 
theory  of  wear.  An  increase  in  solute  content  improves  wear  and  friction 
behavior  of  those  materials.  The  effect  of  solute  addition  on  the  wear  rate  is 
twofold:  (a)  it  reduces  the  friction  coefficient  which  reduces  the  deforma- 
tion rate,  the  depth  of  crack  nucleution  and  crack  propaKation  rate;  and  (b) 
it  increases  tlie  hardness  which  decreases  the  plastic  deformation  rate  and 
the  number  of  loadinK  cycles  per  unit  sildinK  distance.  Furthermore,  the 
reduction  in  the  friction  coefficient  is  basicdly  due  to  the  increase  in  hard- 
ness which  decreases  the  tendency  for  the  hard  asperities  to  plow  the  softer 
metal,  although  the  effect  of  adhesion  cannot  be  ignored. 
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WEAR  OF  TWO-PHAvSE 

N,  HAKA,  J.  PAMIEH-TRIXEIRA  nnd  N.  I'.  fltJH 

Inatliuli'  i>fTechi\(>l<>ny,  (‘amhrldg/',  Mtinii.  03':)l)  (V.S.A.) 
(Ui'celvftl  Ki'bninry  l,  1077) 


Suminitry 

The  offoet  of  the  socond-phaae  partlele  structure  on  tlie  wear  pro))ortieR 
of  two'phasc  metals  was  investigated  by  using  precipitation-hardened  copper 
chromium  alloys  (C'u  0.68  at.%  Cr  and  Cu  -0.81  at.%  Cr)  aged  for  different 
periods  of  time  at  BOO  "C!.  The  hardness  of  these  materials  was  found  to 
Increase  initially  with  the  aging  time  and  then  to  decrease;  the  maximum 
value  was  reached  nfU‘r  aiiout  100  min  of  aging.  Metallographiu  examination 
of  worn  spccim<!nK  indicated  that  the  wear  process  proceeded  hy  suhsurface 
deformation,  crack  nucleation  and  crack  propagation,  i.e.  i>y  dolamlnation. 
The  friction  coefficient  was  found  to  be  constant  for  both  alloys  and  for  all 
aging  times.  In  the  early  stages  of  precipitation  both  the  wear  rate  and  the 
wear  coefficient  decreased.  As  tlie  aging  continued  the  wear  rate  and  th<^ 
wear  coefficient  Increased  even  though  the  hardness  also  Increasnd.  The  wear 
coefficient  remained  constant  for  the  overaged  alloys.  The  decre!i.se  in  both 
the  wear  rate  and  wear  coefficient  in  the  early  stages  of  iireclpitatlon  is  du 
to  the  fact  that  jiartlcles  are  small  and  coherent  and  reijui'  e a largi  amount 
of  subsurface  deformation  for  ci  ack  nueleutlon.  With  further  aging,  the 
particles  grow  and  become  incoherent,  increasing  the  wear  rate  due  to  easier 
crack  nucleation.  For  the  cuso  of  the  ovoruged  alloys,  the  wear  coefficient 
Umds  to  hecomi'  constant  because  the  svoar  process  is  controlled  liy  the  crack 
propagation  rate  which  is  found  to  be  independent  of  the  aging  time  for  both 
alloys. 


Introduction 

According  to  the  dolamlnation  theory  11],  the  wear  of  metals  Is  a 
result  of  several  sequential  and  independent  processes,  namely  subnurface 
deformation,  crack  nucleation  and  crack  propagation.  As  discussed  in  the 
overview  paper  [1] , the  mierostruuture  of  metals  plays  an  Important  role  In 
the  mechanics  of  these  processes  and  thus  In  the  wear  properties  of  metals. 
Although  those  processes  operate  sequentially,  normally  one  of  them  is  the 
dor.ninant  |)ruceNs;  the  relative  Importance  of  each  process  Is  determined  by 
the  micro8tructur«t. 
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For  particle-free  solid  solutions,  it  has  been  found  that  subsurface 
deformation  tends  to  be  the  rate  controlling  process  [2] . Also,  it  has  been 
shown  that  the  hardness  and  the  friction  coefficient  play  a major  role  in  the 
overall  wear  process  because  they  control  the  subsurface  deformation  and 
the  location  of  nuclcation  and  propagation  of  subsurface  cracks.  In  dispersion- 
hardened  metals,  incoherent  dispersoids  act  as  pre-existing  cracks  owing  to 
the  absence  of  bondiniji  with  the  matrix;  thus  the  wear  rate  is  controlled  by 
the  density  of  dispersoids  and  by  the  crack  propagation  rate  [3] . Consequent- 
ly, although  the  hardness  increases  with  the  density  of  dispersoids,  the  wear 
rate  also  increases. 

In  this  paper  the  wear  properties  of  metals  with  both  coherent  and 
Incoherent  second-phase  particles  are  investigated  to  clarify  the  importance 
of  the  crack  nucleation  process  in  delamination  wear.  By  aging  precipitation- 
hardenable  coppe^-chromium  alloys  for  different  periods  of  time,  different 
particle  structures  wore  obtained  (4,  6j . The  results  presented  in  this  paper 
show  that  the  wear  rate  is  a strong  function  of  particle  structure  and  of  the 
bonding  quality  of  the  interface  between  second-phase  particles  and  the 
matrix. 


Materials  and  experimental  procedures 

'Pwo  different  compositions  (Cu-0.68  Bt.%  Cr  and  Cu-0.81  at.Vc  Cr)  of 
precipitation-hardenable  copper-chromium  alloys  were  used  in  this 
investigation.  These  alloys  were  supplied  by  the  American  Metal  Climax, 
Inc.,  in  the  form  of  12.7  mm  (0.6  in)  diameter  rods.  Initially  the  materials 
were  solutionized  for  a period  of  60  h in  evacuated  Vycor  tubes  at  1070  °C 
and  were  then  quenched  in  water. 

The  solutionized  materials  were  then  swaged  down  to  a diameter  of 
7 mm  (0.28  in)  and  machined  to  a diameter  of  6.4  mm  (0.26  in).  After 
machining,  the  specimens  were  recrystallized  at  1070  '^C  for  6 min, 
aged  at  600  ‘C  for  different  periods  of  time  in  evacuated  Pyrex  capsules  and 
were  then  quenched  in  water.  Representative  miorustructures  ore  shown  in 


Fig.  1.  Optics!  mlcrofraphu  ihowlns  rsprcssntstlve  mlcrostructurei  of  preclpltstlon- 
hsrdencd  Cu-0.81  st.%  Cr  slloy  for  sgins  tinuM  of  («)  S mill,  (b)  1000  min  snd  (c) 
10  000  min.  The  aging  Umpersture  wm  500  "C. 


TABLE  1 

F^xpurlmentnl  matoflals 


Partim«tor 

Alloy 

Aglns  time  (min) 

1 00  1 000 

10  000 

Volume  fraction  Vy  x 10* 

Cu  0.68  Cr 

Cu  0.81  Cr 

fi.ie 

6.96 

6,26 

6.97 

6,31 

7.09 

Mean  free  path  X (nm) 

Cu-  0.68  Cr 

Gu  0.81  Cr 

68.0 

61,8'1 

70.49 

03.02 

71.8 

63.00 

Particle  siasc  tl  (Mm) 

OU-O.B8  Cr 
Cu-0.81  Cr 

0..64 

0,56 

0.65 

0.66 

O.BB 

0.5B 

Fig.  1.  Quantiitative  measurements  oharacterizlng  the  particle  structure  of  the 
overaged  alloys  are  shown  in  Table  1. 

Unlubricated  wear  tests  were  carried  out  using  the  cylinder-on-cylinder 
geometry.  The  slider  was  made  of  AISI  52100  steel  (BHN  560)  and  its 
diameter  was  6.4  rnm  (0,25  in).  The  surface  speed  during  wear  tests  was  in 
all  cases  200  cm  min  ’ and  the  duration  of  test  was  100  min,  which  corre- 
sponds to  a sliding  distance  of  200  m.  Other  details  of  the  test  procedures 
are  given  in  ref.  2. 


Results 

Figure  2 shows  the  variation  in  the  hardness  of  the  cupper- chromium 
supersaturated  solid  solutions  aged  for  different  times  as  a function  of  the 
aging  time.  The  hardness  is  65  kg  mm  '^  for  solid  solutions  and  140  kg  mm’  ^ 
fur  peak  aged  alloys.  The  aging  time  for  the  maximum  hardness  is  different 
for  the  two  alloys  whereas  the  maximum  hardness  is  about  the  same,  lliese 
results  are  in  good  agreement  with  previous  work  on  precipitation  hardening 
in  these  alloys  [6] , 

Figure  3(a)  shows  the  friction  coefficient  as  a function  of  the  aging 
time.  It  cati  be  seen  that  the  friction  coefficient  is  fairly  constant  for  all 
treatment  times  for  both  of  the  alloys.  Thus  the  increase  in  hardness  result- 
ing from  the  aging  treatment  does  not  seem  to  affect  the  friction  coefficient. 

In  Figure  3(b)  the  wear  rate,  which  it  defined  as  the  volume  of  material 
lost  per  unit  sliding  distance,  is  plotted  ai  a function  of  the  aging  time.  It  con 
be  seen  that  the  wear  rate  initially  decreases  by  a factor  of  three  for  botlt 
Cu-Cr  alloys  and  then  increases  approximately  linearly;  the  slopes  seem  to 
be  the  same  for  both  alloys.  It  Is  Interesting  to  note  that  the  minimum  weai' 
rate  does  not  correspond  to  the  maximum  hardness  ( in  Fig,  3 the  peak  hard- 
ness is  indicated  by  arrows  \ and  B for  Cu-0.6B  Or  and  Cu-0.81  Cr, 
respectively). 

To  check  the  effect  of  mlcrostrueturid  parameters  the  wear  coefficient 
(u  dimensionless  number  obtained  from  the  wear  rate  by  multiplying  by  the 
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Fig.  2.  Th«  VickAir*  microh«rdncu  under  « 200  g normal  load  aa  a function  of  aging  time. 
I'he  apeoimaiia  were  aubjeeted  to  an  aging  treatment  at  ROO  '‘C  and  were  water  quenched 
at  the  end  of  the  treatment. 


hardness  and  dividing  by  the  normal  load)  is  plotted  in  Fig.  3(c).  It  is  seen 
from  Fig.  d(c)  that  the  wear  coefficient  decreases  in  the  early  sUges  of  aging 
but,  after  some  time  of  aging  (in  the  present  case  about  B min),  it  increases 
rapidly  and  then  levels  off  asymptotically  to  a constant  value. 

As  the  microstructural  differences  between  the  two  Cu-Cr  alloys  are 
cliaracterized  by  the  volume  fraction  and  the  mean  free  path  of  particles 
(and  thus  also  by  the  particle  size),  plots  of  wear  resistance  (the  inverse  of 
wear  coefficient)  as  a function  of  the  volume  fraction  and  the  inverse  of 
mean  free  patli  are  shown  in  Figs.  4(a)  and  4(b),  respectively.  The  wear 
resistance  decreases  with  an  increase  in  the  volume  fraction  and  with  the 
inverse  of  the  mean  free  path  of  particles  for  ttie  overaged  alloys.  These  two 
curves  are  similar  to  plots  of  uniaxial  strain  to  fracture  venui  the  same  para- 
meters [7]. 

Figure  6 shows  micrographs  of  wear  tracks  of  the  precipitation-harden- 
ed alloys  aged  for  6 and  10  000  minutes.  The  sliding  direction  is  from  left  to 
right.  It  can  be  seen  that  the  surface  details  are  similar  to  those  found  else- 
where (2] . The  subsurface  features  for  the  same  alloys  are  shown  in  Fig.  6 
where  some  second-phase  particles  can  be  seen  in  the  overaged  alloys.  How- 
ever, it  is  interesting  to  note  that  In  Fig.  6(a)  (the  specimen  aged  for  6 min) 
subsurface  cracks  are  very  close  to  the  surface,  while  for  the  specimen  aged 
for  10  000  min  cracks  are  formed  at  a larger  depth. 

As  an  example  of  the  morphology  of  wear  particles,  scanning  electron 
micrographs  of  pmrticlas  collect^  from  the  Cu-0,81  Bt.%  Cr  alloy  aged  for 
10  000  min  are  shown  in  Fig,  7.  It  is  clear  from  the  micrographs  that  the 
particles  are  indeed  in  the  form  of  sheets,  os  predicted  by  the  delamination 
theory  of  wear.  An  interesting  feature  of  these  particles  is  their  lamellar 
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Kig.  3.  Friction  ind  wear  prapartiai  of  prarlpitatlon-hardanad  Cu -Or  alloyi  ai  function 
o'  the  aging  time;  (a)  friction  ooefficientt  (b)  wear  rate  and  (c)  wear  coefficient.  The 
normel  load  waa  3 kg  and  the  duration  of  the  teats  was  100  min  at  a alidlng  speed  of 
200  cm 


struoture.  Such  a feature  seems  to  be  caused  by  the  presence  of  a number  of 
cracks  above  the  depth  at  which  the  cracks  tend  to  propagate  fastest. 


Discussion 

Metallographic  observations  of  the  surface  t^Fig.  6),  of  the  subsurface 
(Fig.  6)  and  of  wear  particles  (Fig.  7)  clearly  show  that  wear  occurs  by 
processes  of  lubsurface  deformation,  crack  nuoleation  and  crack  propagation, 
as  postulated  by  the  delamination  theory  of  wear. 

The  material  in  the  subsurface  is  deformed  incrementally  by  the  moving 
aaperities  which  impose  cyclic  loading  that  results  Arum  normal  and  tangen- 
tial tractions.  The  important  parameters  controlling  the  subsurface  deformS'* 
tlon  are  the  hardnew  and  the  friction  coefficitnt  (see  rtf.  2),  As  the  hardness 
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Fig.  4.  The  w«ir  r«iliUnc«  (roolprgcul  of  the  wear  coefficient)  (a)  the  vuiume  fraction 
and  (b)  the  mean  free  path  of  Ou  -Cr  alloyi  for  1000  min  of  treatment. 


Fig,  5.  8«aniilnc  electron  mlvrographa  of  wear  traoka  of  the  precipitation-hardened  Ou  - 
0.81  at.%  Or  alloy  for  an  aging  time  of  (a)  8 min  and  (b)  10  000  min.  The  illdlng  direction 
la  from  left  to  rl^t. 


U increaMd  1«h  lubeurface  d«fonnition  will  accumulate.  Since  the  friction 
coefficient  ia  conatant  for  both  alloya  and  for  all  treatment  tlmaa  (Fig.  3(a)), 
the  location  of  the  aubeurface  crack  nucleation  litea  and  the  crack  propaga- 
tlon  depth  will  not  be  affected  aignlficantly  by  the  aging  proceaa.  Therefore 
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the  wear  procesH  is  not  affected  by  the  tangential  component  of  the  surface 
traction. 

In  Fig.  3(b)  the  wear  rate  is  shown  to  decrease  in  the  early  stages  of 
precipitation.  This  is  due  to  an  increase  in  the  hardness  and  a consequent 
reduction  of  deformation.  However,  with  further  aging  the  wear  rate 
increases  even  though  the  hardness  increases.  This  result  cannot  be  explained 
in  terms  of  subsurface  deformation  alone  and  thus  the  crack  nucleation  and 
crack  propagation  processes  have  to  be  considered. 

As  deformation  accumulates  cracks  will  be  nucleated  when  two  condi- 
tions are  simultaneously  satisfied;  (a)  the  tensile  Btres.s  at  the  interface  should 
be  equal  to  the  strength  of  the  particle-matrix  interface;  and  (b)  the  elastic 
energy  released  upon  decohesion  of  the  interface  should  be  enough  to  over- 
came the  surface  energy'  of  the  void.  According  to  Argon  and  his  coworkers 
[ 8] , in  materials  with  particles  much  smaller  than  20  nm  in  diameter  cavities 
can  never  be  formed  by  particle-matrix  separation  because  the  energy  condi- 
tion is  not  satisfied.  For  particles  of  about  20  nm  cracks  can  nucleate  by 
particle  fracture,  although  the  energy  condition  is  difficult  to  satisfy  and  is 
probably  the  necessary  and  sufficient  condition.  If  the  particles  are  substan- 
tially greater  than  20  nm,  the  energy  criterion  is  easily  satisfied  and  cracks 
can  be  formed  spontaneously  as  soon  as  the  critical  tensile  stress  at  the  inter- 
face is  reached.  Based  on  a solution  by  Merwin  and  Johnson  [9]  adapted  to 
the  sliding  situation,  Jahanmir  and  Suh  [10]  have  found  that,  for  an  elastic 
perfectly  plastic  matrix,  tensile  radial  stresses  are  developed  at  the  particle- 
matrix  Interface.  These  stresses  are  maximum  at  some  distance  from  the  sur- 
face. Further,  they  have  shown  that,  for  particles  greater  than  1 ^m,  cracks 
can  bo  nucleated  after  only  a limited  number  of  cycles. 

The  wear  rate  is  also  affected  by  the  coherency  of  particles.  In  the  early 
stages  of  precipitation,  since  particles  ore  coherent  [11] , the  stress  required 
to  separate  the  particle  from  the  matrix  will  be  large.  Therefore  crack 
nucleation  requires  large  amounts  of  subsurface  deformation  in  order  to 
develop  a sufficient  Interfacial  stress  between  the  matrix  and  the  particle. 
Since  the  increased  hardneu  decreases  the  deformation  rate,  the  wear  coeffi- 
cient (and  thus  the  wear  rate)  is  decreased.  The  steep  increase  of  the  wear 
coefficient  shown  in  Fig.  3(c)  after  reaching  a minimum  value  is  due  to  the 
loss  of  coherency  requiting  less  streu  for  decohesion  of  a particle  from  the 
matrix  and  is  also  due  to  the  increased  particle  size.  The  deformation  rate 
still  decreases  but  the  deformation  required  for  nucleation  decreases  even 
faster.  Further,  as  the  interparticle  spacing  decreases  during  the  early  stages 
of  aging,  cracks  have  to  propagate  smaller  dlstancea  in  order  to  join  with 
neighboring  cracks.  This  explains  why  the  wear  coefficient  of  Cu-0.61%  Cr 
sdloy  should  be  greater  than  that  of  Cu-0.68%  Cr  alloy  because  the  former 
has  a larger  volume  flnsotion  of  second-phase  particles  and  potiibly  has  a 
smaller  Interpartiole  spaoing. 

After  the  maximum  hardnesa  is  reached,  the  volume  fraction  of  particlea 
does  not  Increase  with  aging  time  anymore  and  coarsening  of  particles  occurs, 
which  Increases  the  Interpartiole  spacing.  Crack  nucleation  at  this  point  tends 
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to  be  relatively  easy  and  the  overall  wear  rate  is  controlled  by  the  crack 
propaKution  rate.  In  this  case  two  parameters  have  to  be  considered:  the 
crack  growth  rate  and  the  intorparticle  spacing.  Since  the  hardness  does  not 
change  very  much  for  the  ovcraged  alloys,  the  number  of  asperities 
passing  by  will  be  about  the  same,  and  since  the  matrices  of  both  alloys  are 
exactly  the  same  (the  aging  treatment  was  carried  on  at  the  same  temper- 
ature), the  crack  growth  rule  must  be  the  same  to  a first  order  approximation. 
A rough  estimation  of  the  crack  growth  rate  can  be  made  which  is  similar  to 
that  made  in  a previous  paper  [10] . Assuming  that  the  material  is  delaminat- 
ed by  successive  layers,  the  crack  growth  rate  is  calculated  as  the  ratio  of  the 
mean  free  path  to  the  number  of  cycles  required  to  remove  one  layer.  Such  u 
calculation  leads  to  a range  of  values  between  4 X 10  ^ and  6 X 10  urn 
cycle  * for  both  alloys,  and  the  wear  rate  depends  basically  on  the  mean 
free  path  of  a particle  (or  the  interparticle  spacing).  Thus,  when  the  overall 
wear  process  is  controlled  by  the  crack  growth  rate,  the  wear  coefficient 
tonds  to  level  off  toward  asymptotic  values,  as  the  aging  treatment  is 
continued  and  the  mean  free  path  becomes  roughly  constant.  This  explains 
the  levellng-off  of  the  wear  coefficient  when  the  transition  from  crack 
nucleation  rate  controlled  wear  to  crack  propagation  controlled  wear  occurs. 
The  effect  of  the  mean  free  path  Is  also  shown  by  the  difference  in  the  wear 
rate  of  Cu-0.81  at.%  Cr  and  Cu-0.68  at.%  Cr.  As  a higher  volume  fraction 
implies  a smaller  mean  free  path  for  the  same  particle  size,  the  curve  for 
Cu-0,81%  Cr  should  be  higher  than  that  for  Cu-0.68%  Cr,  as  shown  in 
Figs.  4(a)  and  4(b). 

The  arguments  presented  above  are  very  qualitative,  especially  for  the 
case  of  the  early  stages  of  precipitation.  Quantitative  measurements  of 
precipitate  shape,  size  and  spacing  using  transmission  electron  microscopy, 
together  with  an  analysis  of  the  mechanics  of  crack  nucleation  such  as  that 
presented  in  an  earlier  paper  [lO] , should  give  a quantitative  relationship 
between  the  microstructure  and  the  wear  rates  of  two-phase  metals.  Mean- 
while the  omplrlcaJ  evidence  and  discussion  presented  in  this  paper  should 
provide  guidelines  for  the  design  of  two-phase  alloys  for  good  wear 
properties. 


Conclusioru 

(H ) An  increase  in  the  hardness  improves  the  wear  properties  of  precip- 
itation-hardened alloys  only  os  long  os  the  decreased,  deformation  rate  is  not 
outweighed  by  the  increased  crack  nucleation  rate  (which  Increases  owing  to 
increased  inooherency  at  the  particle-  matrix  interfaces). 

(2)  The  maximum  wear  resistance  occurs  at  aging  timet  shorter  than 
those  which  yield  maximum  hardnesa  in  the  systema  studied  because  crack 
nucleation  occurs  easily  near  the  maximum  hardness. 

(3)  As  aging  proceeds,  with  the  siloy  continuing  past  maximum  hardness 
into  the  overaglng  regime,  and  particles  grow,  cracks  are  easily  nuclett4i)d  at 
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small  subsurface  deformatioitt  the  wear  coeffloient  rapidly  increases  and  the 
crack  propagation  rate  begins  to  control  the  wear  rate. 

(4 ) The  wear  rate  increases  as  the  mean  free  path  between  incoherent 
second-phase  particles  decreases  in  overaged  alloys  owing  to  the  increased 
number  of  cracks  joining  between  particles. 

(6)  For  good  wear  resistance  it  is  desirable  to  have  a large  volume 
fraction  of  very  small  and  coherent  particles. 
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Summary 

The  effect  of  surface  roughnesc  and  integrity  on  the  sliding  wear  of 
metals  was  Investigated  experimentally.  The  results  ore  consistent  with  the 
delamination  theory  of  wear,  The  Initial  wear  rnte  was  influenced  by  the 
surface  roughness  and  the  applied  load  but  the  steady  state  wear  rate  was 
Independent  of  the  initial  roughness,  Under  low  applied  loads  delamination 
of  smooth  surfaces  commences  soon  after  sliding  is  initiated,  whereas  the 
delamination  of  rough  surfaces  is  delayed  until  the  original  asperities  are 
worn.  Consequently,  under  low  loads  the  initial  wear  rate  of  a smooth 
surface  is  higher  than  that  of  a tougher  surface.  The  opposite  is  found  under 
high  loads  since  original  asperities  are  removed  immediately.  It  is  also  shown 
that  machining  damage  to  the  surface  or  the  subsurface  (in  the  form  of 
deformation,  voids  and  cracks)  accelerates  the  initial  wear  rate  of  the 
machined  surface. 


Introduction 

Surface  topography  and  surface  integrity  are  two  mgjor  surface  charac- 
teristics which  affect  the  wear  behavior  of  machined  surfaces.  The  surface 
roughness  and  the  surface  waviness  ore  two  topographical  parameters  which 
respectively  describe  the  short  range  and  the  long  range  geometric  deviations 
of  a surface  from  the  nominal  geometric  shape.  The  term  surface  integrity  is 
used  to  characterise  the  quality  of  the  surface  and  the  subsurface  material  In 
terms  of  plastic  deformati  in,  cracks,  structursil  heterogeneity  by  phase 
transformations,  and  residual  stresses,  all  of  which  may  be  affect^  by 
surface  prepan'aUon  methods. 

*Ptrt  of  th«  rasulU  pmwnUd  In  this  paper  ww  also  presented  at  the  OIRP  meeting 
In  Oermany  In  1975, 

**Prfeent  addrem:  Department  nf  MsehanlosI  Bnsineerins,  University  of  CslltQrnla, 
Berkeley,  Csllf.  94730,  U.S.A. 
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Tho  offset  of  surface  roughness  and  surface  integrity  on  wear  behavior 
is  investigated  experimentally  in  this  paper.  The  experimental  results  are 
shown  to  be  consistent  with  the  delamination  theory  of  wear.  The  effect  of 
surface  waviness  on  wear  has  been  analyzed  elsewhere  (1  ] and  it  will  be 
reviewed  in  the  discussion  section  of  Uiis  paper, 

The  wear  behavior  at  the  initiation  of  sliding  interaction,  before  a 
steady  state  condition  is  reached,  is  referred  to  as  the  run-in  phenomenon, 
(.^ueeiier  et  ai  [2|  have  shown  that  run-in  wear  depends  on  the  original 
surface  roughness  when  wear  tests  were  conducted  under  lubricated  condi- 
tions. Rowe  et  al.  |3,  4]  have  shown  that  run-in  also  occurs  in  dry  wear 
testing  and  that  the  sliding  surfaces  become  smoother  during  running-in. 
However,  when  the  steady  state  wear  is  reached  the  surfaces  become  very 
rough,  Tliesc  observations  are  all  consistent  with  the  mechanisms  of  the 
delamination  theory  of  wear  [6  • 7] . According  to  the  theory,  the  initial 
smoothing  is  associated  with  the  removal  of  machining  marks  (8] . However, 
when  steady  state  wear  by  deleminatlon  is  established,  the  wear  surfaces 
become  rough  owing  to  the  craters  left  after  wear  sheets  lift  off  the  surface. 

The  quality  of  a machined  surface  is  related  to  the  degree  of  damage 
generated  in  a surface  layer  during  machining,  A study  by  Abrahamson  et  ai 
[8]  has  shown  that  subsurface  damage  introduced  during  machining  increases 
the  initial  wear  rate.  Scott  et  al.  (9)  and  Allen  [10]  showed  that  surface 
integrity  has  an  Important  effect  on  the  life  of  ball  bearings.  Kven  though  the 
effect  of  surface  integrity  on  fatigue  life  has  i>eon  studied  extensively  by 
Field  and  his  associates  [11  - IS] , its  effect  on  sliding  wear  was  not 
investigated  previously. 


Kxperimental  procedure 

Wear  tests  were  carried  out  on  a lathe  using  a cylinder-on-cyllnder 
testing  geometry.  The  0.6  cm  diameter  specimens  were  rotated  at  a surface 
speed  of  3 cm  s ‘ and  the  stationary  AISI  52100  pins  (0.6  cm  in  diameter) 
wore  pushed  against  tlie  specimens  by  normal  loads  of  0.106  and  0.860  kg. 

A series  of  tests  was  carried  out  by  manually  moving  the  slider  parallel  to  the 
axis  of  the  s|>cclmen.  'Phis  was  performed  under  a load  of  0.907  kg  for  10 
revolutions.  The  testa  were  run  under  argon  flowing  into  a chamber 
surrounding  the  contacting  surfaces.  All  tests  were  run  dry  and  at  room 
temperature. 

The  materials  tested  were  commercial  cold-rolled  AISI  1018  stool 
(hardness  84  kg  mm"")  and  70/30  brass  (hardness  46  kg  mm  ").  A variety  of 
surface  finishes  were  generated  by  turning.  The  surface  finishes  ranged  from 
1.2  to  10.4  pm  (c.l.a.).  They  were  generated  by  turning  at  3.19  rev  min  * 
with  a 0.13  mm  depth  of  cut  at  various  feed  rates.  Some  ipecimeni  were 
prepared  with  cutting  tools  having  a range  of  positive  and  negative  rake 
angles  to  study  the  effect  of  subsurface  damage  generated  by  machining. 
Another  series  of  specimens  was  prepared  by  orthogonal  iunting  lubricated 
with  lard  oil,  using  tools  with  positive  and  negative  rake  angles. 
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'I'he  effect  of  surface  roughness 

Tlie  process  of  asperity  deformation  during  the  initial  stages  of  sliding 
is  shown  in  Pig.  1 . The  sliding  direction  was  perpendicular  to  the  machining 
marks  in  Fig.  i(a)  and  parallel  to  these  in  Fig.  1(b).  The  wear  track  on  the 
rough  surface  (i.e.  3.4  /Jttn  c.l.a.)  has  become  smooth  and  there  is  no  evidence 
of  adhesive  or  transferred  particles. 


(«)  (b) 


Fitl.  1.  PIsKtiv  cU'iormulliin  uT  Iho  urliilnal  MpvrIllM  fur  AISI  1018  steel  (cylindvr-on- 
cylinder  Koumeiry)'.  (Hlslldint  periwndloulsr  to  tliu  mschinlns  murks,  2.0 /um  c.I.u. 
HUrfHUv  riiilsli,  uflor  ten  puues  under  n normal  load  of  0.91  ks;  (l>)  slldlnK  parflllnl  to  the 
muchinlns  murks,  It. II  /Um  c.I.u.  surface  rinisli,  iifter  0.25  m of  slidlnii  under  a normal  loud 
of  0.115  kK. 


'I'he  results  of  wear  tests  on  samples  with  varying  roughness  and  normal 
loads  are  presented  In  Fig.  2.  Under  a load  of  0.850  kg  (Fig.  2(n))  the  rough 
surfaces  have  a slightly  larger  total  weight  loss  than  the  smoother  surface. 

The  small  difference  in  weight  loss  is  probably  due  to  the  large  weight  of  the 
r rlginal  asperities  of  the  rougher  surfaces.  However,  once  the  asperities  are 
removed  and  steady  state  delamination  is  reached,  the  wear  rate  of  all  sur- 
faces is  the  same. 

Figure  2(b)  shows  that  under  a 0.106  kg  normal  load,  the  smoother 
surface  has  a greater  total  weight  loss  than  the  rough  surface.  However,  the 
steady  state  delamination  rate  of  both  surfaces  is  the  same.  The  difference  in 
wear  is  due  to  the  difference  in  the  time  delay  before  the  onset  of  delamina- 
tiun.  The  1.2  jum  c.l.a.  surface  started  delamination  after  9 m of  sliding, 
whereas  delamination  of  the  2.7  pm  c.l.a.  surface  began  after  32  m of  sliding, 
lids  was  nut  observed  under  large  loads  because  the  contact  streu  was 
sufficient  to  remove  the  original  asperities  and  to  initiate  delammatiun 
almost  Immwllately. 

'The  result  of  the  wear  lest  on  AISI  1020  steel  performed  by 
Alirnhamson  at  al.  |B)  with  a pin-»n-disk  machine  is  given  in  Fig.  3.  These 


e.o 


5.0 


(a) 


(■'ll.  2.  'Fho  «rr«ct  of  original  roughnvM  of  maohinad  aurfacaa  on  walglil  loiiai  (a)  normal 
load  of  0.H60  kg,  AI8I  101H  ataal,  o 2.1  ftm  o.l.a.,  A e.D  fnii  c.I.a.,  • 7.B  |um  c.I.a.; 

(b)  normal  load  of  0.106  kg,  0.12  f)m  c.I.a.,  A 2.7  /Urnn.l.a. 

teili  were  run  under  conditioni  similar  to  the  ones  reported  hero,  the  only 
exoeptlon  beins  that  the  pin-on-disk  tests  were  done  at  an  average  surface 
B[>eed  of  7,8  cm  s'.  The  similarity  of  the  two  sets  of  results,  i,e,  of  Figs,  2 
and  3,  indicates  that  the  effects  on  wear  of  the  surface  roughness  and 
es|)ecially  of  the  normal  load  are  independent  of  the  testing  geometry. 

These  tests  show  that  the  surface  roughness  does  not  affect  the  steady 
state  wear  rate  but  only  influences  the  initial  wear  behavior  of  machined 
surfaces.  The  fact  that  the  rough  surfaces  under  low  loads  wear  less  than 
smooth  surfaces  has  interesting  practical  implications  in  the  design  and 
prepaiation  of  sliding  surfaces,  'fhcse  results  suggest  that  rough  sliding  sur- 
faces under  low  contact  stresses  will  ls«t  longer  th,m  smoother  surfaces. 
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Kill.  3.  W«l||hl  lou  ai  a runclloh  of  illdinii  dlaUnce  for  AISI  1020  lUcI  (pIn-on-Hlak 
Kcumelry)  [7] : (a)  under  a normal  load  of  0.30  kii, ' > 0.1  Um  n.I.a.,  ^ 0.3  /tm  o.I.a., 
V 1.1  MW  o.I.ft.i  • <1,8  MW  C'l.a;  (1))  under  a normal  i<iad  of  0.076  k||,  0.3  Mw  u.l.a., 
• 4.H  MW  C.I.a. 


Furthermore,  under  normal  sliding  conditions  where  lubricants  are  used  the 
rough  surfaces  will  also  retain  the  lubricant  and  the  wear  behavior  may  be 
improved  even  further. 

It  should  be  emphasized  that  the  rough  surface  is  better  than  the 
smooth  surface  under  light  loads  only  if  there  is  no  subsurface  damage 
(gencraUid  by  machining).  Otherwise,  the  large  asperities  delaminate 
catastrophically  and  produce  large  wear  particles  which  could  then  cause 
abrasive  wear  of  the  sliding  components.  This  was  observed  when  specimens 
generated  by  a worn  tool  were  wear  tested  under  a low  (0.75  kg)  normal 
load.  In  these  specimens  the  wear  data  were  scattered  and  the  delayed 
delamlnatlon  associated  with  rough  surfaces  was  not  observed. 


The  effect  of  surface  integrity 

According  to  the  delamination  theory,  steady  state  sliding  wear  of 
metals  occurs  by  subaurfe  je  deformation  and  by  void  and  crack  nuoleatlon 
and  propagation.  Therefore,  if  the  prepared  surface  contained  any  surface  or 
subsurface  damage  (Le.  deformation,  voids  and  cracks),  one  would  expect  a 
larger  initial  wear  rate.  This  is  shown  in  Fig.  4 for  an  u-drawn  surface  and 
for  a polished  surface.  The  initial  wetidst  loss  of  the  as-drawn  surface  is 
higher  because  of  the  surface  damage  generated  during  drawing,  as  shown  in 
Fig.  6(a).  (The  as-drawn  surface  was  lif^tly  polished  with  a no.  4/0  emery 
l>aper  to  remove  the  surface  oxides.)  'like  polished  surface  was  prepared  by 
polishing  off  0.06  mm  with  no.  2 emery  paper  and  a final  polish  with  a 4/0 
emiry  paper.  This  process  generated  a relatively  damage-free  surface,  as 
observed  in  Fig.  6(b),  which  led  to  a lower  weight  loss  than  that  for  the  as- 
drawn  specimen. 

The  effect  on  wear  of  subsurface  damage  generated  by  machining  Is 
shown  in  Fig.  6.  The  two  series  ut  specimens  were  machined  using  a sharp 
and  a chipped  cutting  tool,  as  shown  in  Fig.  7.  The  chipped  tool  was  still 


SLIDING  DISTANCE  (m) 

riK.  <1.  The  tiffed  of  turfacti  damiKc  on  wear  of  1018  ateel  undnr  a normal  loud  of 
O.Hfi  kg:  T ai  drawn,  V pciiahed. 
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rig.  o.  Section!  perpendicular  to  the  turfacc  ihowing  the  typical  mioroitructure  of 
1018  iteel:  (a)  at  drawn,  (b)  after  pollihing. 

capable  of  producing  fine  surface  finishes  and  from  a machinist's  point  of 
view  it  was  still  useful.  Tlie  difference  in  the  initial  weight  loss  of  the  two 
series  of  specimens  is  due  to  the  larger  subsurface  damage  generated  by  the 
chipped  tool  (10  jum  deep)  compared  with  that  of  the  sharp  tool  (2  pm  deop), 
which  is  observed  in  Figs.  (Ufa)  and  8(b)  respectively.  It  Is  interesting  that  the 
subsurface  deformation  caused  by  the  chipped  tool  was  sufficient  to 
generate  wear  sheets  (Fig,  9)  on  the  machined  surface. 

Machined  surfaces  could  also  contain  subsurface  damage  if  machining 
parameters  such  as  the  rake  angle,  cutting  tool  radius  or  depth  of  cut  were 
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Fig.  B.  The  efrccl  of  lubturfacfl  marhlnlnii  damage  on  wear  of  lOlB  iteel:  o 1,4  fitn  o.I.a,, 
4.H  fim  o.I.a.,  * 2.1.  1;lm  c.I.a.,  ^ B.Q  o.I.a.,  ^ 7.H  fim  c.I.a. 


(»)  (b) 


Klg.  7.  Scanning  electron  miorographa  of  the  rake  face  of  (a)  a ohipped  cutting  tool  and 
(b)  a aharp  cutting  tool. 

not  Bolected  properly.  Turley  [14, 15]  hag  shown  that  the  depth  and  the 
degree  of  deformation  in  70/30  brass  increases  as  the  rake  angle  decreases. 

At  large  negative  rake  angles  the  tool  does  not  out,  but  rather  it  slides  over 
the  surface  causing  plowing  and  subsurface  deformation.  The  depth  of 
deformation  also  increases  with  the  depth  of  cut  and  with  the  cutting  tool 
radius. 

Figure  10  shows  the  wear  of  steel  specimens  prepared  with  three 
different  tools;  40°  rake;  8°  rake;  and  1.3  mm  honed  radius,  40°  rake.  The 
figure  shows  that  all  specimens  have  the  same  wear  rate.  This  is  probably  due 
to  the  fact  that  all  the  tools  had  positive  rake  angles  and,  since  steel  is  much 
harder  than  brass,  the  damage  caused  by  machining  with  different  cutting 
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Flu.  H.  Stictioim  |>i'rp(>n(lluul«r  to  lht>  nuriMco,  iihowinit  typical  iiul>iurfao«  dumaii^  oT 
tOlH  atrel;  (a)  machined  with  a chipped  tool,  -l.H  /im  c.I.a.;  (b)  machined  with  a »harp 
tool,  6.0  t<m  C.I..I. 
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Fill.  9.  Wear  shevU  on  th«  machined  lurface  of  a 3..S  jum  c.I.a.  aurracii  finith,  prepared 
with  a chipped  cuttlnR  tool. 


tools  might  have  iiot  been  sufficient  to  affect  the  wear  behavior. Therefore 
70/30  brass  specimens  were  prepared  by  orthogonal  turning  with  +25”,  +6° 
and  —15”  rake  angles.  The  results  of  the  wear  tests  on  the  brass  indicated 
that  there  was  not  a large  difference  between  the  wear  rates  of  the  samples 
cut  with  positive  and  negative  rake  angle  tools.  Subsurface  observations  of 
the  machined  surfaces  showed  that  the  depth  of  deformation  was  26  pm  for 
the  +26°  tool  and  30  pm  for  the  —16“  tool.  Since  this  difference  was  not 
large,  it  did  not  load  to  a substantial  difference  in  the  wear  rate  of  the 
samples. 

Iho  depth  of  deformed  layers  reported  by  IHirley  ranged  from  600  pm 
for  a +26”  tool  to  900  pm  for  a —16"  tool.  Such  a difference  in  the  deformed 


KIk.  10.  W««r  (>r  1010  ileel  ipeclmeni  m»Bhln*d  with  three  different  outtInK  tooli  under 
■ nurmel  load  of  O.Oh  kg:  • 40"  rake  angle,  1.,^  tmt  c.l.a.',  >>  H"  rake  angle,  2,6  ttm  c.l.a.'. 

1.2  mm  honed  radtui,  40"  rake  angle,  2,0  /jim  c.l.a. 

re((long  generated  by  the  two  toolii  should  result  in  a large  difference  in  the 
initial  wear  rates.  Since  the  degree  of  machining  damage  in  the  brass  samples 
of  this  investigation  did  not  differ  between  samples,  no  difference  In  the 
wear  behavior  was  observed. 

The  leformation  depth  in  brass  observed  by  'l\irloy  was  much  more 
than  the  u ‘formation  depth  reported  here,  probably  because  of  the  difference 
in  the  machining  conditions.  I'^rley's  specimens  were  prepared  by  planing, 
whereas  the  speclmenn  tested  at  MIT  were  prepared  by  turning.  This 
indicates  that  the  choice  of  machining  operation  and  machine  tools  may  be 
an  Important  factor  In  the  preparation  of  surfaces  for  sliding  applications, 
since  each  type  of  machining  generates  a different  type  of  damage  In  the 
finished  product. 


Discussion  on  surface  roughness  and  integrity 

The  results  presented  here  substantiate  die  predictions  of  the 
delamlnatlon  theory  in  regard  to  surface  roughness  and  integrity.  The  signif- 
icance of  this  investigation  is  not  only  in  the  verification  of  the  delamination 
theory  but  also  in  the  practical  ImpllcRttons  of  the  results,  it  has  been  shown 
that  specification  of  surface  roughness  alone  is  not  sufficient;  the  surface 
integrity,  surfatte  preparation  method  and  machining  variables  must  also  be 
properly  specified  for  sliding  surfaces, 

A recent  Investigation  [10]  has  shown  that  burnishing,  which  Is  the 
final  surface  preparation  procedure  in  some  applications,  decreases  the  initial 
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wear  rate  of  Rlidin((  surfaces.  In  burnishing,  the  original  machining  marks  arc 
deformed  and  fractured  and  some  of  the  surface  damage  is  removed.  This 
process  is  very  similar  to  the  running-in  of  surfaces.  Since  the  steady  state 
wear  rate  is  smaller  than  the  transient  wear  rate,  the  burnished  surface  will 
have  a lower  wear  rate  (provided  that  burnishing  conditions  are  selected 
such  that  subsurface  void  formation  is  prevented).  In  fact,  if  burnishing  is 
dotte  under  a large  load,  the  resulting  surface  will  be  rougher  than  the 
original  surface  [16]  probably  because  of  sliding  wear  by  delamination. 

The  topography  of  a surface  is  generally  characterized  by  both  surface 
roughness  and  surface  waviness.  Surface  roughness  is  the  short  range 
deviation  of  a surface  profile  from  an  average  profile,  whereas  the  waviness 
ir  the  long  range  deviation.  The  investigation  in  this  paper  considered  only 
the  influence  of  surface  roughness  on  wear.  The  effect  of  surface  waviness 
on  wear  should  not  be  disregarded,  since  in  a recent  paper  [ 1 ] it  has  been 
shown  that  waviness  can  cause  seizure  of  two  geometrically  constrained 
sliding  surfaces.  The  approximate  analysis  indicates  that,  owing  to  the 
wavinoBS,  large  wear  particles  may  be  generated  by  high  local  friction  forces. 
These  particles  may  then  wedge  in  between  the  two  geometrically  constrain- 
ed sliding  surfaces  and  cause  seizure. 

The  surface  integrity  considered  in  this  paper  has  been  limited  to 
surface  and  subsurface  damage  caused  by  deformation  and  by  void  and  crack 
nucleation.  However,  in  general,  machining  can  damage  the  surface  and  the 
subsurface  by  generating  microstructural  defects  (l.e.  deformation,  voids  and 
cracks),  mechanical  changes  (i.e.  residual  stress)  and  metallurgical  changes 
(i.e.  phase  transformation).  Based  on  the  results  presented  here  it  can  be 
concluded  that  microstructural  defects  decrease  the  wear  life  of  a machined 
surface.  However,  the  effect  of  mechanical  and  metallurgical  changes  on 
wear  have  not  been  Investigated;  they  will  be  discussed  here  in  terms  of  the 
delamination  theory  of  wear. 

It  has  been  shown  [11  - 13, 17, 18]  that,  in  grinding  and  orthogonal 
turning,  surface  Integrity  depends  on  such  machining  conditions  as  the  speed, 
Uie  cutting  fluid,  the  type  of  grinding  wheel  and  the  size  of  the  wear  land. 
Cutting  with  sharp  tools  and  at  moderate  speeds  produces  very  little  subsur- 
face damage,  whereas  cutting  with  a worn  tool  or  at  high  speeds  degrades  the 
surface  integrity  [17 1.  Since  phase  transformation  near  the  surface  depends 
on  the  temperature  generated  during  machining,  which  In  turn  depends  on 
the  cutting  speed,  three  distinct  behaviors  can  be  observed  in  turning  high 
strength  steels.  Low  speed  cutting  with  a worn  tool  primarily  causes  micro- 
structural  defects  and  does  not  cause  any  observable  metallurgical  changes. 
Machining  at  moderate  speeds  with  a worn  tool  generates  a surface  layer 
softer  than  the  bulk  (probably  overtempered  mortensile).  However,  machin- 
ing at  higher  speeds  wltli  a worn  tool  generates  a harder  surface  but  a softer 
subsurface.  The  hard  surface  layer  is  i^nerated  by  the  high  rate  of  heating 
and  cooling  near  the  surface  which  produces  untempered  martensite.  The 
softer  aubsui'fnce  is  ovortempered  martensite.  Similar  metallurgical  changes 
have  also  been  observed  for  ground  surfaces  (11  - 13] . 
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It  is  conceivable  that  the  miorostructurai  defects  generated  by  an 
improper  selection  of  machining  parameters  would  lead  to  a larger  initial 
wear  of  the  surface.  However,  if  no  subsurface  cracks  are  nucleated  but  the 
surface  becomes  harder  or  softer,  prediction  of  the  wear  behavior  becomes 
more  difficult.  A harder  surface  may  resist  deformation  and  dolamination, 
but  if  any  large  wear  particles  are  generated,  abrasive  wear  will  be  the 
( ontrolling  mechanism  and  wear  will  he  accelerated.  A softer  surface  is  less 
n'sistant  to  deformation,  abrasion  and  plowing.  It  has  been  shown  thut  the 
prediction  of  wear  behavior  cannot  be  based  on  the  hardness  alone,  and  that 
the  microstructure  must  also  be  considered  [19J.  Since  at  this  time  no 
Information  is  available  on  the  wear  behaviors  of  untempered  or  overtemper- 
ed martensite,  the  effect  of  a near-surface  phase  transformation  on  the  wear 
of  steel  cannot  be  resolved, 

Machining  also  alters  the  mechanical  state  of  the  surface  layer  by 
introducing  residual  stresses.  The  nature  of  the  residual  stress  depends  on 
th(!  type  of  machining  and  on  the  parameters.  It  has  been  found  that 
grinding  at  low  speeds  and  at  small  depth  of  cut  produces  a compressive 
residual  stress,  whereas  grinding  at  higher  siHfeds  and  at  larger  depth  of  cut 
produces  a tensile  residual  stress  at  the  surface  [12].  In  some  turning 
operations,  however,  the  neor-surface  residual  stresses  were  observed  to  be 
always  tensile,  and  the  depth  and  their  magnitude  Increased  with  the  size  of 
the  wear  land  ( 18] , A large  tensile  residual  stress  i:an  be  detrimental  In  such 
applications  as  fatigue  and  sliding,  since  crack  nucleation  and  crack 
propagation  could  occur  more  readily.  In  contrast,  a compressive  residual 
stress  can  be  beneficial  only  if  no  subsurface  mlcrostructural  defects  (voids 
and  cracks)  have  been  generated  during  machining. 

The  above  discussion  and  the  result  of  tests  indicate  tliat  surface  rough- 
ness and  integrity  are  important  parameters  in  the  wear  behavior  of  machin- 
ed surfaces.  For  a surface  with  a given  sot  of  mlcrostructural  characteristics, 
the  effect  of  surface  roughness  on  wear  dt-pends  on  the  nature  of  the 
apiilication,  on  the  operating  conditions  and  on  whether  or  not  the  surface 
U lubricated.  For  example,  in  the  case  of  lubricated  sliding  several  unique 
situations  are  possible.  In  situations  such  as  in  a journal  bearing,  the 
retention  of  lubricants  by  the  asporltLes  can  be  an  important  consideration, 
especially  if  the  applied  normal  load  is  small.  The  other  extreme  Is  the  case 
of  gears  where  the  load  is  applied  through  a “line”  contact  and  therefore  the 
normal  streu  is  high.  In  this  case,  the  lubrication  of  the  interface  is  no 
problem,  since  only  a small  port  of  the  surface  is  in  sliding  contact  at  any 
time  and  lubricant  is  easily  supplied  to  the  surface  while  it  Is  not  in  conUct. 
The  initial  asperities  on  these  gear  surfaces  will  be  removed  instantAneouily 
and  these  removed  asperities  will  accelerate  the  subsequent  wear  process 
through  abrasion,  Therefore  it  is  a desirable  practice  to  lap  the  surfaces  of 
gears  before  they  are  put  into  service.  In  short,  since  smoother  surfaces  are 
not  necessarily  ^tter  than  rougher  surfaces  and  since  manufacturing  cost 
increases  with  surface  finish,  decisions  on  desirable  surface  topography 
should  bo  made  after  consideration  of  all  the  Important  factors  Involved. 
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Further  work  is  clearly  needed  to  develop  a systematic  w.<iy  ' characterizing 
and  specifying  the  surface  topography  and  integrity. 


Conclusions 

Based  on  the  investigations  presented  in  this  paper,  the  following 
conclusions  were  made. 

(1)  Surface  roughness  influences  only  the  initial  wear  behavior  and  not 
the  steady  state  wear  rate. 

(2)  At  low  normal  loads  rough  sliding  surfaces  have  smaller  wear  than 
smoother  surfaces,  provided  that  the  surfaces  are  free  from  machining 
damage. 

(3)  Subsurface  damage  associated  with  machining  operations  could 
increase  the  initial  delamination  wear  rate  of  the  sliding  surfaces. 

(4)  Thu  choice  of  machining  operation  and  variables  are  important 
factors  in  the  preparation  of  surfaces  for  sliding  applications. 
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BEHAVIOR  OF  MEDIUM  CARBON  STEEL  UNDER  COMBINED 
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(Ri>c<>lvod  Falirunry  1,  1977) 


Summary 

The  combined  fatiKUO-wear  life  of  medium  carbon  steel  (AISI  1045) 
wag  invoBticated  under  variouH  combinations  of  loads  and  slIdliiK  wear  con- 
ditions usinK  a rotating  beam  test.  The  direction  of  the  maximum  tensile 
stress  due  to  bendin«  was  perpendicular  to  that  due  to  wear  [I] . Tests  were 
also  |>erformed  with  specimens  plated  with  a thin  layer  of  cadmium  or 
nickel -xold.  All  of  the  tests  were  conducted  in  the  high  cycle  regime.  The 
lesults  show  that  the  fatigue  life  of  all  the  specimens  at  a stress  level  higher 
than  the  endurance  limit  of  the  specimen  was  within  the  experimental 
scatter  of  a typical  fatigue  test.  The  effect  of  sliding  wear  on  fatigue  life  is 
manifested  (irimarily  by  the  stress  field  imposed  by  the  slider  on  the  speci- 
men. In  tlie  cose  of  plated  8[)ccimens,  the  fatigue  life  was  not  significantly 
affected,  although  the  wear  rate  was  decreased  by  an  order  of  magnitude. 


Introduction 

Many  rotating  parts  of  a machine,  e,g.  components  of  turbomachinery 
and  vehicles,  are  often  subjected  to  cyclic  bending  loads  leading  to  fatigue 
combined  with  a sliding  action  at  the  surface  which  leads  to  wear.  When 
the  relative  displacement  between  the  slider  and  the  part  is  small,  this  situa- 
tion is  commonly  known  as  fretting  fatigue.  Fretting  fatigue  has  been  In- 
vestigated extensively,  since  the  reduction  of  fatigue  life  due  to  the  com- 
bination of  fatigue  loading  and  wear  is  a major  problem  for  aircraft  com- 
()onent8  and  high  speed  machines.  However,  the  question  of  what  happens 
to  these  parts  when  the  relative  displacement  between  the  slider  and  the 
)iart  is  large  and  occurs  only  along  a single  direction  has  not  been  investi- 
gated In  the  past. 

The  purpose  of  this  paper  is  to  present  the  results  of  a combined 
fatigue-wear  study  comiuct^  using  AISI  1045  steel  under  different  loads. 
The  combined  tests  reported  In  this  paper  are  simpler  than  fretting  fatigue 
tests  and  may  allow  insight  into  the  fretting  fatigue  problem  by  aiding  the 
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KIk.  1 . A srhi'iimtlc  diaKram  of  lh<>  ua<>d  for  comhiniu)  fatiKiu'-wnar  InaU. 


isolation  of  the  effect  of  loading  conditions  from  the  effect  of  particles 
entrapped  between  fretting  parts. 

it  is  obvious  that  the  effect  of  sliding  action  will  be  confined  to  a zone 
witbin  about  200  /im  of  the  surface  and  therefore  it  will  affect  only  the 
crack  nucleation  process  of  fatigue.  Since  the  wear  rate  is  often  slower  than 
the  crack  propagation  rate  of  fatigue  cracks,  it  is  expected  that  the  effect  of 
combined  fatigue-wear  loading  will  not  be  of  any  significance  in  the  low 
cycle  regime  but  may  be  of  Importance  in  that  part  of  the  high  cycle  regime 
where  crack  nucleation  becomes  important.  Furthermore,  since  the  sliding 
action  may  continuously  disrupt  the  formation  of  a stable  oxide  layer,  it 
may  affect  the  fatigue  life  by  changing  the  dislocation  behavior  near  the 
surface.  Although  the  work  reported  in  this  paper  does  not  answer  all  these 
((uestiuns,  it  dues  provide  a partial  understanding  of  the  problems  involved. 


Experimental  materials  and  procedures 

In  order  to  Investigate  the  behavior  of  medium  carbon  steels  under 
combined  fatigue-wear  loading,  AISI 1045  steel  was  used.  The  material  was 
received  in  the  form  of  cylindrical  rods  16  mm  (6/8  in)  in  diameter.  Speci- 
mens were  then  machined  to  the  final  configuration  shown  in  Fig.  1.  Tlic 
straight  parts  of  the  specimen  were  ground  in  standard  grinding  machines 
to  provide  maximum  concentricity.  The  testing  region  was  machined  with 
a rotary  lathe  cutting  tool  of  12.7  mm  (1/2  in)  radius.  Then  the  necked 
zone  was  polished  to  a minimum  diameter  of  6.4  mirn  with  emery  paper  of 
sequentially  reduced  grit  size,  and  finished  with  6 pm  particle  size  diamond 
lapping  compound.  Some  of  the  specimens  were  then  plated  with  a layer 
of  cadmium  or  with  a flash  of  nickel  followed  by  a layer  of  gold.  Tire  initial 
thickneu  of  the  plating  was  about  0.1  pm  for  cadmium  and  0.05  pm  for 
nickel  followed  by  0.6  pm  of  gold. 

Fatigue  and  combined  fatigue-wear  tests  were  carried  out  by  rotating 
the  specimens  on  a lathe,  The  fatigue  geometry  used  was  the  classical 
cantilever  rotating  beam  with  the  load  applied  at  the  end.  The  fatigue  load 
as  well  u the  normal  load  on  the  slider  was  applied  by  dead  weights.  The 
load  on  the  slider  was  in  all  cases  0.3  kg.  The  friction  force  was  measured  by 
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FIk  A Hchvmatlc  dlauram  of  Ihv  (•xperimtmUl  avt-u|)  usod  to  carry  out  the  combined 
fat  lllUe- wear  teaU. 


means  of  u strain  Kage  assembly  to  which  the  slider  was  attached.  The  sliders 
wm*  In  the  form  of  cylindrical  pins  of  3.2  mm  (1/8  in)  of  AISl  52100  steel 
(BHN  560). 

Tests  were  run  both  in  air  and  in  argon  atmosphere.  For  the  tests  under 
controlled  atmosphere,  the  specimen  and  slider  were  enclosed  in  a chamber, 
which  prior  to  the  test  was  evacuated  and  filled  with  argon  gas  (Fig.  2).  The 
tests  were  run  until  complete  failure  at  a speed  of  1000  rev 


Results 

A scries  of  different  tests  was  carried  out  with  AISI 1045  steel  to  show 
the  effecd.  of  sliding  wear  on  the  fatigue  life.  Ordinary  fatigue  tests  were  also 
done  to  provide  a reference.  Combined  fatigue-wear  tests  were  carried  out 
with  unpolished,  polished  and  coated  specimens.  The  fatigue  stresses  were 
calculated  based  on  the  true  diameter  of  each  specimen  and  using  the  con- 
centration factor  of  1.07  (21 . 

In  Fig.  3,  the  resulting  S -N  curves  are  shown.  In  the  range  of  higher 
stresses  (greater  than  36  kg  mm  '''),  and  thus  shorter  life,  no  remarkable 
difference  was  found  between  the  plain  fatigue  and  the  fatigue-wear  speci- 
mens, whereas  for  the  lower  stresses  some  differences  exist.  First,  combined 
fatigue  wear  reduces  the  life  by  about  a factor  of  two.  Second,  the  reduction 
in  life  is  more  apparent  in  the  case  of  combined  fatigue  wear  with  polished 
specimens. 

Figure  4 shows  both  the  test  aone  and  the  fracture  surface  of  a speci- 
men which  failed  at  8.0  k 10*  cycles  under  a stress  amplitude  of  34.6  kg 
mm  Figure  5 shows  similar  features  but  for  a specimen  subjected  to  com- 
bined fatigue  wear.  The  stress  amplitude  In  this  case  was  32  kg  mm  * and 
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KIk.  •).  ‘S'  N curvd  for  cumbiniul  fiititiup-wfliir  U>iU.  Th(>  Rtri>Mi‘a  wvrit  valculntdil  uiInK  tho 
(ictual  dinmetvr  of  <>ach 


FIK.  4.  A fracluritd  apoclmcn  In  plain  fatigu«  loadhiH.  The  itrefli  amplitude  waa  34.0  kg 
mm  '■*  and  the  number  of  oycloa  to  failure  waa  H.O  X 10°. 


the  number  of  cycles  to  failure  was  4.33  X lO**  cycles.  These  two  micro- 
Krnphs  look  basically  similar,  the  only  difference  beiriK  the  presence  of  a 
wear  track. 

Fiifure  6 shows  the  wear  volume,  calculated  from  measurements  of  the 
width  and  depth  of  the  wear  track,  as  a function  of  the  number  of  cycles. 
Although  there  is  some  scatter,  it  is  clear  that  the  wear  rate  of  coated  speci- 
mens, particularly  the  nickel-  gold  coated  specimen,  is  reduced  by  an  order 
of  magnitude,  whereas  the  reduction  for  cadmium  coated  specimens  Is  only 
a factor  of  3. 


105 


Pi|.  5.  A iiMciinen  fnolurad  in  th«  combintd  fitl«ue-wi«r  tMt.  itrMi  mpUlude  wm 
i)2  kg  mm'^  and  the  number  of  cyctee  to  failure  wai  4.3S  X 10*. 


rallan  vlin  mm  la  ariea 
^wiir  au-Nl  caeM  laecImeM 

i-e  retlfM  with  wear  In  ar(tn 

• rellfM  with  wear  In  at«en 
with  peilthee  leedmwi 

reneue  with  want  In  Arien 
with  ce  caalte  tMdtnahr 


to*  10*  »•  to* 

Number  of  Cyeiet 

Pig.  6.  The  logarithm  of  the  wear  volume  aa  a function  of  the  logarithm  of  the  number  of 
cyolea  to  failure.  The  wear  volume  waa  calculated  by  meaiurlng  the  depth  and  width  pf 
the  wear  tfaeka. 


DiacuMlon  , 

The  reeulta  in  the  lut  aectlon  show  that  the  tatisue  life  li  reduced  when 
gliding  wear  if  Impoaed  on  the  fotigue  loading.  It  can  be  explained  in  terms 
of  the  actieierated  crack  nuoleation  rate  due  to  the  gliding  action. 
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Fid,  7.  The  (trev  due  to  illding  in  the  direction  of  bending  itreMee  m ■ function  of  the 
number  of  cyclei  to  fellure. 

The  sliding  action  imposes  a cyclic  state  of  loading  on  the  material  near 
the  surface  [3] . Under  this  cyclic  loading  the  matrix  can  undergo  plastic 
deformation  and  cyclic  creep  along  shear  bands  in  the  direction  of  sliding, 
cieating  sufficient  stress  for  debonding  of  the  interface  between  the  matrix 
and  any  hard  particles  or  inclusions.  The  mechanics  of  void  formation  in 
the  sliding  situation  are  discussed  in  a companion  paper  [4] . These  cracks 
may  propagate  both  in  the  direction  of  sliding,  leading  to  delamination  wear, 
and  in  the  radial  direction  leading  to  the  fatigue  failure.  Fleming  and  Suh 
showed  that  there  is  a location  below  the  surface  where  the  crack  growth 
rate  is  a maximum  owing  to  the  sliding  action  [6] . The  cracks  nearest  to  the 
surface  are  likely  to  be  propagated  in  the  transverse  (Le.  radial)  direction 
owing  to  the  fatigue  loading,  because  the  direction  and  the  magnitude  of  the 
normal  stress  due  to  bending  are  respectively  perpendicular  and  proportional 
to  the  radius.  In  contrast,  the  stress  field  (baaed  on  the  apparent  contact)  in 
the  specimen  under  the  slider  is  compressive  in  all  directions,  except  near 
the  trailing  edge  of  the  slider  where  the  normal  stresses  are  tensile.  Therefore, 
the  stress  imposed  on  the  specimen  along  the  maximum  bending  stress 
direction  will  cause  the  specimen  to  undergo  two  cycles  of  loading  for  each 
revolution  of  the  specimen. 

In  order  to  cl^fy  the  effect  of  the  contact  loading  on  the  overall  of 
cyclic  loading,  the  stress  history  of  the  specimens  was  examined  through  a 
stress  analysis  for  an  elastic  specimen  [2] , Figure  7 shows  the  time  depen- 
dent change  of  streu  in  the  axial  direction  due  to  the  load  on  the  slider;  this 
stress  was  calculated  in  terms  of  the  measured  geometry  of  worn  specimens 
and  sliders.  Figure  8 is  a nchenuitic  diagram  of  the  loading  history  of  the 
specimen  at  the  contact  point.  It  Illustrates  the  fatigue  loading  oycle  lFIg. 
8(b)),  the  loading  cycle  In  the  bending  plane  due  to  the  load  on  the  slider 
(^g.  8(c))  and  the  result  of  a superposition  of  Fip,  8(b)  and  8(c)  (Fig.  8(d)). 
It  is  clear  that  the  actual  number  of  fatigue  loading  cycles  is  doubled  owing 
to  the  load  applied  by  the  slider  during  the  early  phase  of  the  fatigue  testing 
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Fig.  B,  A MheiiMtlc  diagram  lUualraUng  tha  loading  hlitory  of  a givan  point  at  tha  aurfaca; 
(a)  alldar  and  apaelman,  (b)  banding  loading  «ycla,  (o)  adding  action  loading  eyola  and 
(d)  raaultant  of  loading  In  (b)  and  (c). 

when  the  creek  length  li  ihort.  Since  Initial  orack  growth  ii  the  dominant 
tector  in  tetigue  Ufa.  doubling  the  number  ot  cyclei  impliei  a reduction  in 
the  reauitlng  fatigue  life  by  a factor  of  approximately  2.  Thia  li  in  agreement 
with  the  leaulti  ahown  in  Fig.  S for  the  curvea  for  plain  fatigue  and  for 
combined  fatigue  wear. 

Another  feature  of  Fig,  3 ia  the  greater  reduction  in  the  fatigue  life  for 
the  taeta  run  on  polUhed  apecimena  than  that  for  the  unpoliahed  onea.  Thin 
la  probably  due  to  the  fact  that  the  pollahing  removed  the  preatralned  aur^ 
face  layer  from  the  apecimen,  Thia  layer  contained  compreMive  reaidual 
atreeeee  which  oppoa^  the  tenalle  atieaa  dw  to  bending. 

The  reaulta  for  the  coated  apecimena  ahown  in  Fig,  8 ahow  that  no 
improvement  in  the  fatl||ue  life  waa  obtained  by  coating.  However^  the  wear 
reaiatanoe  of  the  apecimen  wm  greatly  improved,  eapeoially  for  the  oaae  of 
the  nickel-gold  plated  apecimena  (Fig.  6).  According  to  the  dalamlnation 
tt.flory  of  wear,  the  coating  ahould  reduce  the  wear  rate  of  the  apecimen  aa 
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a result  of  the  reduction  of  the  subsurface  deformation  in  the  direction  of 
sliding  [6] , which  in  turn  results  in  a decrease  in  the  crack  nucleatlon  and 
propagation  rates.  However,  a reduction  in  the  wear  rate  does  not  mean  that 
the  crack  nucleation  process  due  to  the  sliding  action  is  completely  suppress- 
ed. The  mere  fact  that  the  fatigue  life  with  coated  specimens  is  worse  than 
the  fatigue  life  of  plain  fatigue  specimens  indicates  that,  even  with  coating, 
the  crack  nucleation  process  due  to  the  sliding  action  dominates  the  crack 
nucleation  process  due  to  the  fatigue  loading.  Further,  it  may  be  concluded 
that  the  reduction  in  the  crack  nucleation  rate  due  to  sliding  obtained  by 
coating  is  not  substantial  enough  to  Improve  the  fatigue  life  in  combined 
loading.  Thus,  the  fatigue  life  is  always  reduced  when  crack  nucleation  occurs 
owing  to  the  sliding  action. 

It  should  be  recognised,  however,  that  the  above  arguments  are  quali- 
tative and  that  the  stress  analysis  is  rather  simplistic.  Nevertheless,  the  re- 
sults are  explainable  in  terms  of  loading  cycles. 


Conclusions 

The  main  conclusions  that  can  be  drawn  from  this  work  are  as  follows. 

(1)  The  load  applied  by  the  slider  increases  the  crack  nucleation  rate 
near  the  surface  and  doubles  the  actual  number  of  fatigue  loading  cycles, 
thus  leading  to  a reduction  in  fatigue  life  by  a factor  of  2. 

(2)  The  coating  on  the  specimens  is  very  effective  in  reducing  the  wear 
rate  hut  does  not  improve  the  fatigue  life  because  crack  nucleation  is  not 
suppressed  completely. 
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Summary 

High  ipeed  lUdlng  w«ar  of  AISl  1020  ftMl,  AISI  804  itainlau  itaal  and 
commercially  pure  titanium  (76 A)  waa  atudied  using  a pin-on^ring  geometry. 
All  the  tests  were  carried  out  in  air  without  any  lubricant.  The  sliding  speed 
was  0.6  ■ 10.0  m s~  ^ and  the  normal  force  was  4d,0  N (6  kgf). 

The  friction  coefficient  of  all  the  materials  tested  decreased  with  the  ' 
sliding  speed;  this  appears  to  be  a consequence  of  oxide  formation.  The  wear 
rate  of  304  stainleM  steel  increased  monotonically  with  speed,  whereas  the 
wear  rate  of  1020  steel  and  titanium  first  decrees^  and  then  increased  and 
again  decreased,  with  a maximum  occurring  at  about  6 m s"^.  The  complex 
variation  of  the  wear  rate  u a function  of  speed  is  explained  in  terms  of  the 
dependence  of  the  friction  coefficient,  hardness  and  toughness  of  the  ma> 
terials  on  temperature.  Microscope  examinations  of  the  wear  track,  the  sub- 
surface of  worn  specimens  and  the  wear  particles  indicate  that  the  wear  mode 
waa  predominantly  by  subsurface  deformation,  crack  nucleation  and  growth 
processes,  i.e,  the  delamination  process,  similar  to  the  low  speed  sliding  wear 
of  metals.  Oxidative  and  adhesion  theories  proposed  in  the  past  to  explain 
the  high  speed  sliding  wear  of  metals  ore  found  to  be  Incompatible  with  the 
experimental  observations. 


Introduction 

The  papers  presented  so  far  in  this  issue  of  Wear  emphasise  subsurface 
deformation,  crack  nucleation  and  crack  growth  as  Important  processes  in 
the  low  speed  sliding  wear  of  metals.  Both  the  metatlographlc  and  the 
empirical  evidence  presented  clearly  support  this  view.  In  these  papers  the 
experimental  oondittons  were  chosen  so  that  the  temperature  rise  woS 
minimal;  hence  thermal  aspects  could  be  neglected.  However,  It  is  well 
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known  that  at  temperatures  above  about  one-half  of  the  absolute  melting 
point  of  materials  thermal  aspects  become  important.  The  effect  of  temper- 
ature on  surface  traction,  subsurface  deformation,  crack  nucleation  and 
crack  propagation  cannot  be  neglect.ed,  and  oxidation  plays  an  increasingly 
important  role  in  high  speed  (or  high  temperature)  sliding  wear. 

Wear  of  metals  at  high  temperatures  due  to  high  loads  and/or  speeds  is 
of  special  practical  and  theoretical  interest.  This  problem  is  of  interest  in  a 
variety  of  applications  such  as  cutting  tools,  metal  forming  dies,  automotive 
and  aircraft  brakes,  guide  rails  for  high  speed  vehicles,  and  lubricated  sliding 
systems  under  starvation  conditions.  Yet,  theoretical  understanding  of  the 
wear  mechanism  at  high  speed  and/or  high  loading  conditions  is  quite 
inadequate. 

Several  theories  of  sliding  wear  of  metals  at  high  speeds  have  been 
proposed  in  the  past.  In  one  theory  [1]  it  was  hypothesized  that  the 
increased  wear  rate  is  due  to  the  loss  of  hardness  with  the  temperature  rise, 
in  accordance  with  the  adhesion  theory  [2] . In  another  theory  [3  • 6]  it  was 
assumed  that  as  a result  of  the  temperature  rise  the  surface  oxidizes  (provid- 
ed that  oxygen  is  present)  and  the  oxide  layer  is  peeled  off  by  external  forces 
once  it  reaches  a critical  thickness.  In  this  model  the  wear  rate  is  determined 
by  the  diffusion  of  oxygen  atoms  through  the  oxidized  layers.  In  a third 
model  it  is  assumed  that  the  oxides  act  as  abrasive  particles  and  thus 
contribute  to  abrasive  wear  [7] . 

The  basic  question  is  whether  these  mechanisms  are  the  dominant 
mechanisms  responsible  for  wear.  In  this  sense,  there  are  several  limitations 
to  the  above  theories  although  they  may  be  valid  in  a narrow  range  of  loads 
and  speeds  for  specific  materials.  The  limitations  of  the  adhesion  theory 
discussed  in  preceding  papers  also  apply  to  high  speed  sliding  wear.  Firstly, 
the  wear  particles  are  generally  platelike,  much  larger  in  size  than  predicted 
by  current  theories,  and  have  metallic  luster.  Secondly,  large  scale  subsurface 
deformation  cannot  be  explained  on  the  basis  of  these  theories.  Thirdly,  the 
theories  predict  that  the  wear  rate  increases  monotonically  with  sliding  speed 
becau.se  of  the  temperature  rise.  This  is  contrary  to  several  experimental 
observations;  some  observations  have  shown  that  the  wear  rate  increases  with 
speed  ( 8) , whereas  .some  other  observations  show,  surprisingly,  that  the 
wear  rate  decreases  with  speed  [9] . Indeed,  the  wear  rate  may  exhibit 
maxima  and  minima  provided  the  range  of  speed  is  sufficiently  wide.  Finally, 
the  effect  of  the  friction  coefficient  on  the  wear  rate  has  been  essentially 
ignored.  The  only  place  where  the  friction  coefficient  appears  is  in  the 
calculation  of  thermal  energy  generated  due  to  friction.  Unlike  low  speed 
sliding  wear,  the  friction  coefficient  decreases  substantially  with  speed  and 
may  have  a pronounced  effect  on  the  wear  rate. 

With  that  background,  it  is  clear  that  the  wear  of  metals  at  high  sliding 
si)C(*ds  takes  f)lace  by  a mechanism  different  from  that  predicted  by  the 
existing  theories.  'I’he  pur|)ose  of  this  paper  is  to  investigate  critically  the 
mechanism  of  wear  at  high  sliding  speeds  and  to  explore  the  possibility  that 
delamination  wear  might  take  jdace  under  such  conditions. 
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Materials  and  procedures 

AISl  1020  steel,  AISI  304  stainless  steel  and  commercially  pure 
titanium  (75A)  were  chosen  for  study.  The  choice  of  the  materials  was  based 
on  several  considerations.  As  those  three  materials  have  three  different 
crystal  structures,  the  effect  of  crystal  structure  should  be  reflected  in  the 
wear  data.  AISI  1020  steel  and  titanium  were  chosen  to  investigate  the 
effect  of  phase  transformations,  if  any,  induced  by  frictional  heating.  AISI 
304  stainless  steel  is  oxidation  resistant  and  does  not  transform  to  other 
crystal  structures  at  high  temperature.  Therefore,  when  its  N'ear  rate  is 
compared  with  the  more  easily  oxidized  1020  steel,  it  should  provide 
information  about  oxidative  wear.  Further,  as  the  thermal  and  other 
physical  properties  of  these  alloys  are  readily  available,  calculation  of  the 
temperatures  of  the  sliding  surfaces  is  easier.  Other  details  about  the 
materials  are  given  in  Table  1 and  the  microstructures  are  shown  in  Fig.  1. 

TABLE  1 

Experimental  materials 

Component  Material  Approximate  Hardness  Density 

composition  (MPa)  (lO^kgm'^) 


Specimen 

AISI  1020  steel 
AISI  30'1  stainles,s 
steel 

0.27<,  C.  O.ITo  Mn 

0.08%  C,  18%Cr,8%Ni 

2300 

2920 

7.78 

8.03 

7.'iA  titanium 

0.29%.  Fe.  0.05%  C 

0.0fi%  N,  0.20%  O 

2350 

■1.50 

.Slider 

AISI  52100  .steel 

1.02%  C.  0.35%  Mn 
0.287o  Si.  1.15%  Cr 
0.02.5%.  P.  0.025%  S 

7 260 

7.83 

AISI  •!  1 .50  steel 

0.5%  C,  0.8%  Mn 

1%  Cr,  0.2%  Mo 

9320 

7.78 

F'igure  2 shows  the  schematic  cirrangement  of  the  experimental  set-up 
used  for  the  wear  tests.  The  sliding  system  consisted  of  a rotating  AISI 
.'32100  steel  ring  (0.2  m in  diameter  and  40  mm  wide)  mounted  on  a variable 
spef'd  lathe.  The  normal  load  was  applied  by  a dead  weight  and  the  tangen- 
tial traction  wa.s  measured  by  a dynamometer- Sanborn  recorder  assembly. 

'I'he  U'mporature  was  measured  by  iron-constantan  thermocouples  located 
(311  the  specimen  near  the  sliding  interface  and  was  recorded  throughout  the 
test  by  a multichann«4  recorder.  The  specimens  were  machined  to  conform 
to  the  surface  of  the  ring.  'I'he  pin-on-ring  geometry  used  here  has  many 
advantages  over  other  sliding  configurations.  First,  conformity  of  the  sliding 
surfaces  enables  a calculati(3n  (3f  the  nominal  normal  pressure,  which  remains 
constant  during  the  entire  test.  Second,  the  sliding  velocity  (which  deter- 
mines the  rate  C3f  h(>at  generation'  at  the  contact  is  the  same  over  the  entire 
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contact  area.  Finally,  it  is  possible  to  calculate  the  surface  temperature  with 
simple  assumptions  because  the  sliding  geometry  does  not  change  during  the 
wear  teat  and  the  heat  flow  into  the  specimen  is  at  the  most  two  dimensional. 

The  specimens  were  approximately  26  mm  high,  26.4  mm  long  and 
6.35  mm  thick.  The  nominal  contact  area  was  a portion  of  a cylinder  and 
was  about  1.6  X 10  ^ m'*.  The  specimens  were  prepared  by  machining  at 
small  depths  of  cut  with  a copious  supply  of  lubricant.  Both  the  specimen 
and  the  ring  wore  pol'.iihw^  to  4/0  emery  grade  but  no  attempt  was  made  to 
measure  the  surface  r<.  '.>nhness.  The  specimen  and  the  ring  were  cleaned  with 
trichloroethylene  before  i.eBting.  The  specimens  were  weighed  to  an  accuracy 
of  0.01  mg  tofore  testing. 

The  majority  of  the  tests  were  carried  out  under  a normal  force  of 
49.0  N in  the  speed  range  0.6  • 10.0  ms*.  The  duration  of  the  test  was 
1800  B.  All  tests  were  done  in  air  without  any  lubricant.  The  temrtcrature  of 
the  specimen  was  measured  along  the  sliding  interface  at  three  locations  and 
away  from  the  surface  at  two  locations.  After  testing,  the  s|)ecimens  were 
brushed  lightly  and  the  weight  was  measured  to  an  accuracy  of  0.01  mg. 

Both  the  surface  and  the  subsurface  were  examined  mctallographically. 
Selected  specimens  were  cut,  polished,  etched  witli  standard  etchants  and 
observed  in  a scanning  electron  microscope  (SEM).  Wear  particles  were 
collected  during  the  test  and  were  examined  in  an  optical  microscope. 

Several  tests  were  also  carried  out  on  1020  steel  and  304  stainless  steel  at 
lower  loads  with  a different  slider  in  the  same  range  of  speeds  and  the  results 
are  tabulated  in  Table  2. 

TABLE  2 

AddItlonsI  Uil  rsiulU  for  AI8I  1020  il««l  snd  AI8I  304  ■UlnloM  itesl* 


T«it 

no.  Siirrses 

sp««d 
(ms  ‘) 

Normal 

foret 

(N) 

SlidInS 

dlsUno* 

(km) 

FrlcUon 

ooefflolvii. 

Volum* 

lou 

(10  *m®> 

Wttr  rat« 

(xlO  ‘»m“m  *) 

AWI 

1 

urn  $t«0i 

2.09 

16.87 

18.73 

0.70 

17.60 

0.94 

2 

5.00 

14.32 

20.71 

0.87 

70.48 

3.40 

3 

9.00 

13.33 

10.72 

0.02 

06.29 

3.08 

4 

0.47 

33.32 

0.90 

l.ll 

2.00 

2.16 

6 

2.89 

33.38 

4.39 

0.H0 

23.00 

0.39 

6 

8.70 

30.00 

1.88 

0.47 

44.21 

28.01 

AISI 

1 

304  f (««f 

2.4S 

11.76 

17.70 

0.96 

76.46 

4.32 

2 

o.so 

1.1. n 

18.91 

0.80 

91.78 

4.80 

3 

8,74 

13.38 

18.72 

0.73 

00.18 

3.00 

4 

*.57 

30.88 

9.01 

0.81 

123.80 

18.96 

6 

0,18 

81.78 

3,38 

0,84 

39.86 

13.18 

6 

8,00 

39.88 

7,88 

0.88 

73.80 

9.37 

*Aii  AMI  4150  «t«sl  disc  of  O.t  m in  dluiuuUr  snd  0.84  nm  thick  was  uisd  ss  tht  slldtr. 
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Figure  3 shows  the  friction  coefficient  m a function  of  the  logarithm  of 
the  sliding  speed.  The  friction  force  usually  fluctuated  during  the  first  few 
minutes  of  the  test,  especially  at  low  sliding  speeds  and  loads.  However, 
steady  state  conditions  were  soon  reached  and  the  tangential  traction 
remained  constant  thereafter.  Friction  coefficients  plotted  in  this  figure  and 
those  shown  in  Table  2 are  calculated  using  the  steady  state  tangential  force. 
It  can  be  seen  that  the  friction  coefficient  decreases  gradually  with  an 
increase  in  speed  and  that  its  value  at  high  speeds  is  about  a one-half  of  its 
value  at  low  speeds  in  the  speed  range  investigated.  It  can  also  be  seen  that 
the  friction  coefncient  for  AISl  1020  steel  is  higher  than  that  for  the  other 
two  materials. 
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a &I9I  1020  SiMl 
K AISl  304  StolniHt  StMl 
o 79A  Tllonluw 


Slldlns  9p<«d,  m/i 


.1.1 

wo 


KIS.  9'  The  frlotlon  coeffloknl  th*  logsrithm  of  th«  illdlng  ipocd.  Th*  (riellcn  confri- 
citnt  wti  cslculsttd  using  th«  lUsdy  state  vatuas  of  tlia  langtnllal  traction.  Rach  point 
raprtsania  an  avaraga  of  thrsa  valuas. 


Rig.  4.  llta  logarithm  of  waar  rata  v$.  tha  logarithm  of  lha  sliding  ipaad,  Tha  normal  fores 
waa  49,0  N tnd  tha  duration  of  tils  tast  was  1.8  X 10*  i.  Bach  point  raprasants  an 
iivaraga  of  thras  valuas, 


The  weer  rate  os  i function  of  the  sliding  velocity  it  shown  in  Fig.  4. 
The  weir  rate  of  304  stilnleu  steel  boreises  monotonlcilly  with  the  sliding 
•peed  whereas  the  weir  rate  of  both  1020  steel  and  76A  titanium  first  de- 
creases, then  inonasM  and  reaohee  a maximum  and  than  dacnases  again. 
Both  maxima  an  at « epeed  of  about  d m a'^*.  Tha  wear  rate  c ' J04  etainless 
ateal,  which  ia  mon  oxidation  reetstant  titan  1020  steel,  Is  about  the  same  as 
that  of  1020  steel.  In  fact,  the  stainlees  steel  exhiblta  a higher  wear  rate  than 
the  other  two  metals  at  lowar  sliding  speeds.  These  reeulta  ere  somewhat 
differant  from  pnyious  InvMtlgatlons  in  that  a minimum  and  a maximum 
were  obeervad  in  the  wear  rates  in  this  work. 
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To  inveitigate  the  effect  of  temperature  rite  on  the  friction  and  wear 
properties,  the  temperature  of  the  specimen  was  monitored  continuously. 
The  temperature  exhibited  an  initial  transient  for  a period  of  about  6 min 
and  then  reached  a steady  state  value  which  depended  on  the  sliding  speed, 
the  normal  load  and  the  material.  Thus  for  most  of  the  test  St  appears  that 
the  surface  temperature  remained  constant.  The  steady  state  surface  temper- 
ature WM  estimated  by  using  a fin  model  (see  Appendix).  The  estimated 
surface  temperatures  are  plotted  in  Fig.  6 as  a function  of  the  sliding  speed 
for  all  the  material.  As  it  is  not  the  intent  of  this  work  to  do  a rigorous  heat 
transfer  analysis,  only  approximate  surface  temperatures  are  shown.  The 
analysis  of  the  temperature  of  a sliding  system  has  been  carried  out  by  a 
number  of  investigators  in  the  post  and  great  differences  exist  between 
various  theories.  Thus  it  always  becomes  necessary  to  resort  to  the  exper> 
imental  measurement  of  temperature.  In  estimating  the  surface  temperature 
the  fact  that  oxide  layers  with  different  heat  transport  properties  from  the 
parent  metal  are  present  on  the  surface  was  ignored. 

Using  the  temperatures  thus  calculated,  if  the  friction  coefficient  and 
wear  rates  are  replotted  as  functions  of  the  average  surface  temperature,  the 
general  shape  of  these  curves  remains  the  same  as  in  Figs.  3 and  4 because 
tlie  temperature  Is  essentially  a monotonically  Increasing  function  of  the 
sliding  speed  even  though  the  fHction  coefficient  decreases  somewhat.  It  can 
be  clearly  seen  from  Figs.  4 and  0 that  the  wear  rates  are  nut  monotonically 
increasing  function  of  temperature,  as  they  should  be  if  oxidative  or  adhesive 
wear  were  the  dominant  modes  of  wear. 
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Fig,  S.  Average  turfaM  iemperetuM  M * function  of  the  logerlthm  of  the  sliding  speed, 
'rhe  surfu*  temperature  was  oslaulated  by  ths  fin  ettiwtion, 
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Metallographic  examination  of  wear  tracks  and  the  subsurface  of  worn 
specimens  was  conducted  to  investigate  the  mechanism  of  wear  particle 
formation.  Micrographs  of  the  surfaces  of  worn  specimens  are  shown  in 
Fig.  6.  The  wear  track  is  much  rougher  than  the  initial  polished  surface  and 
extensive  oxidation  took  place  during  the  test.  It  can  be  seen  from  the  above 
figure  that  large  plastic  deformation  of  the  surface  took  place  as  a result  of 
sliding.  In  fact,  the  material  flowed  so  extensively  that  a "mushrooming" 
effect  was  observed  at  speeds  greater  than  1 m s ^ 

Scanning  electron  micrographs  of  the  subsurface,  shown  in  Fig.  7, 
clearly  indicate  that  large  scale  subsurface  deformation  took  place  as  a result 
of  sliding.  Luge  subsurface  cracks  oriented  nearly  parallel  to  the  surface 
indicate  that  crack  nucleation  and  growth  took  place,  similar  to  the  low 
speed  delamination  wear  process.  As  these  materials  have  inclusions  of  one 
kind  or  another,  it  is  expected  that  crack  nucleation  can  take  place  readily. 

Wear  particles  were  collected  during  the  test  to  investigate  their  nature, 
size  and  shape.  Figure  8 shows  that  a majority  of  the  particles  have  metallic 
luster  although  some  oxidation  took  place,  especially  in  the  cose  of  1020 
steel.  The  particles  are  essentially  platelike  and  several  hundred  micrometers 


Fig.  6.  SurfMss  of  worn  spMinwns:  (a)  AIBI 1030  lUal,  (b)  AlBl  304  lUinlvw  stael  and 
(c)  76A  titanium.  The  normal  foroa  was  40.0  N,  sliding  spaad  was  6 m s"*  and  the 
duration  of  tha  last  wus  1.8  X 10*  a.  Sliding  diraatlon  is  from  right  to  laft. 
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Fig.  7.  8c«nnlng  «l<iotron  mlarogrnpht  of  th«  lubsurl'ace:  (a)  AISI  1020  (b)  AI8I 

.704  (Ulnlau  itael  ind  (c)  75A  titanium.  Experimental  condltloni  were  the  lame  ai  given 
In  Fig.  6.  Sliding  direction  la  from  left  to  right. 

in  diameter.  Theie  wear  partiolea  are  similar  to  the  partioles  collected  from 
low  speed  sliding  tests  on  a variety  of  steels  [10]  and  copper  and  copper 
alloys  [11] . It  appears  that  although  oxidation  and  delamination  take  place 
simultaneously,  particle  removal  from  the  surface  seems  to  be  by  crack 
nucleation  and  growth  processes. 


Discussion 

Micrographs  of  worn  surfaces  (Fig.  6),  scanning  electron  micrographs  of 
subsurfaces  (Fig.  7)  and  characteristic  wear  particles  shown  in  Fig.  8 clearly 
indicate  that  the  mode  of  wear  particle  formation  at  the  speed  of  5 m »"  ‘ 
was  by  subsurface  deformation,  crack  nucleation  and  propagation.  The 
metallic  luster  of  the  wear  particles  indicates  that  the  wear  particles  were 
formed  by  crack  growth  In  the  subsurface  rather  than  along  the  oxide-metal 
interface.  However,  It  can  also  be  seen  from  Fig.  8 that  some  oxidation  took 
place  either  during  the  subsurface  crack  growth  or  after  the  wear  sheet  was 
formed, 
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Fig.  H,  Wear  partlclet  uf  (a)  AIHI  1020  ateel,  (b)  .AI8I  304  >tBlnl«si  ateel  and  (c)  75A 
titanium.  Ebcperlmental  conditlona  were  the  aame  aa  given  in  Fig.  0. 

Although  the  nieclianism  of  delaminHtlon  seems  to  be  reasonably  well 
established,  the  comp.lex  dependence  of  the  wear  rate  on  the  sliding  speed 
needs  further  explanation.  In  delamination  wear  of  metals,  the  overall  wear 
rate  is  determined  by  the  subsurface  deformation,  crack  nucleation  and 
propagation  processes.  Generally  the  slowest  of  these  processes  deterntines 
the  overall  wear  rate.  'Fhe  material  pro{>ertleB  that  determine  the  rates  of 
these  processes  are  the  friction  coefficient,  hardness,  inclusion  density, 
inclusion  matrix  bond  strength  and  toughness.  The  effect  of  these  properties 
on  the  overall  wear  rate  has  already  been  discussed  in  the  previous  papers, 
llierefore,  only  the  effect  of  temperature  on  these  properties  and  thus  on 
the  overall  wear  rate  will  be  discussed  here. 

Before  a discussion  of  how  the  temperature  rise  due  to  frictional 
heating  can  result  In  an  increased  or  decreased  wear  rate,  the  variation  of 
friction  coefficient  with  sliding  speed  (or  temperature)  needs  to  be  consider- 
ed. The  reduction  of  the  friction  coefficient  as  a function  of  the  gliding 
speed  (or  temperature)  has  been  explained  in  the  past  on  the  basis  of  oxide 
formation  [12  - 16] . Above  a critical  temperature,  when  the  oxidation  rate 
becomes  appreciable,  a thin  layer  of  oxide  spreads  on  the  surface.  If  the 
thickness  of  the  oxide  film  is  of  the  order  of  100  X 10  '”  m and  if  the 
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hardness  of  the  oxide  is  not  greatly  different  from  the  metal,  it  adheres  well 
to  the  surface  below  and  thus  acts  as  a solid  lubricant.  While  it  is  recognized 
that  oxidation  is  responsible  for  the  reduction  in  the  friction  coefficient,  it  is 
not  clear  at  present  what  functional  relationships  exist  between  the  friction 
coefficient  and  such  operational  parameters  as  speed,  load  etc.  Since  the 
friction  coefficient  at  high  sliding  speeds  (approximately  0.3)  is  still  higher 
than  the  value  for  oxide-oxide  contact  (approximately  0.1),  it  appears  that 
metal-metal  and  oxide-metal  contact  is  taking  place.  The  sharp  transition  in 
the  friction  coefficient  around  a sliding  speed  of  1 m s ' ' is  probably  because 
of  the  extensive  oxidation  accompanying  the  temperature  rise  which  was 
reflected  in  the  response  of  the  thermocouples. 

It  has  been  explained  in  the  previous  papers  that  the  subsurface 
deformation  accumulates  as  a result  of  repeated  cyclic  loading  by  the  mov- 
ing asperities  of  the  slider.  Although  the  cyclic  deformation  characteristics 
of  the  materials  are  not  known  precisely,  it  can  be  assumed  to  a first  approx- 
imation (based  on  a previous  finding  [16] ) that  soft  metals  accumulate 
more  subsurface  deformation  for  a given  sliding  distance  than  hard  metals, 
mainly  owing  to  the  larger  number  of  asperity  contacts.  The  amount  of 
deformation  depends  on  the  normal  load,  a flow  stress  parameter  such  as 
the  hardness,  and  the  friction  coefficient.  Therefore,  more  deformation  is 
expected  to  be  accumulated  at  higli  temperature  than  at  low  temperature 
because  of  the  loss  of  hardness.  However,  the  subsurface  deformation  rate 
should  decrease  with  the  decrease  in  friction  coefficient.  Since  the  hardness 
of  metals  decreases  almost  exponentially  with  temperature  and  the  friction 
coefficient  does  not  seem  to  decrease  (see  Fig.  3)  that  rapidly,  the 
deformation  rate  increase  due  to  the  lower  hardness  should  outweigh  the 
decrease  due  to  the  lower  friction  coefficient;  the  deformation  rate  should, 
therefore,  increase  with  temperature.  Thus,  large  wear  rates  are  expected  at 
high  temperatures  if  the  subsurface  deformation  rate  is  the  rate  controlling 
mechanism. 

Metals  lose  hardness  as  the  temperature  is  raised  because  of  several 
Utermolly  activated  microstructxiral  changes.  Ailotropic  transformations, 
recovery,  recrystallization  and  grain  growth,  lou  of  coherency  and  diuolu- 
tlon  of  second  phase  particles  are  only  a few  exempler . To  identify  the  exact 
mechanism  it  is  necessary  to  study  the  problem  case  by  case.  In  the  case  of 
single-phase  single-component  systems,  in  the  abaence  of  pheae  transforma- 
tion, loss  of  hardness  is  basically  due  to  thermally  activated  dislocation 
motion.  Although  the  exact  mechanism  of  softening  at  high  temperatures  is 
not  isolated  in  the  materials  tested,  tome  speculations  con  be  made.  In  the 
1020  steel,  both  dispersion  of  Cottrell  atmewpberes  and  dissolution  of 
carbide  particles  contribute  to  softening.  In  the  cue  of  the  single -phase  304 
stainless  steel  it  may  be  due  to  extensive  ctou  slip,  whereu  In  the  cue  of 
titanium  operation  of  •ec<'>ndary  slip  systoms  at  high  temperature  together 
with  cruM  slip  can  be  given  u possible  reuons. 

As  discussed  earlier,  two  conditions  have  to  be  satisfied  for  crack 
nucleation  around  inclusi'>ns:  (a)  the  normal  tenille  streia  across  the 
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interface  should  be  greater  than  the  bond  strength  of  the  interface;  and  (b) 
the  elastic  energy  released  should  be  greater  than  or  equal  to  the  energy  of 
the  new  surfaces.  In  the  case  of  alloys  with  second  phase  particles  larger 
than  26  nm  in  diameter,  cracks  nucleate  at  the  particle-matrix  interface 
when  the  stress  condition  is  satisfied,  since  the  energy  condition  is  always 
satisfied  [17, 18] . Additional  preferential  sites  for  crack  nucleation  at  high 
temperature  are  triple  points  and  grain  boundaries,  especially  when 
undesirable  impurities  segregate  or  preferential  precipitation  takes  place  at 
the  grain  boundaries.  It  can  be  expected  that  crack  nucleation  will  be 
difficult  at  high  temperatures  for  several  reasons.  Pirttt,  it  is  difficult  to 
develop  large  normal  stress  at  the  particle-matrix  boundary  because  of 
extensive  cross  slip.  Secondly,  because  of  dynamic  recovery  and  even 
reorystaliization  at  high  temperatures  the  stored  elastic  energy  will  be 
smaller  than  in  room  temperature  deformation.  However,  if  the  strength  of 
a particle-matrix  interface  decreases  with  temperature,  it  may  favor  crack 
nucleation. 

The  analysis  of  crack  nucleation  presented  previously  [19]  was  for  the 
case  when  the  recovery  effects  were  negligible,  i.e.  for  the  case  when  the  test 
temperatures  are  below  about  one^half  of  the  absolute  melting  temperature 
of  the  materials.  At  these  temperatures  deformation  takes  place  pr^ominant- 
ly  by  dislocation  glide  and  is  homogeneous.  However,  at  high  temperatures 
other  modes  of  deformation  such  as  grain  boundary  sliding  and  diffusion 
creep  beiiome  important  (and  may  even  be  dominant);  the  crack  nucleation 
problem  should  then  take  into  consideration  these  modes  of  deformation 
along  with  the  glide  mode.  Further,  the  stress  criterion  given  previously  may 
not  even  be  applicable  at  high  temperature;  instead  a critical  strain  criterion 
seem'j  more  reasonable.  Nevertheless,  the  stress  and  energy  criteria  seem  to 
be  applicable  for  the  conditions  used  in  this  investigation  because  the  temp- 
eratures are  not  very  high. 

Once  the  cracks  are  nucleated,  they  grow  by  the  repeated  loading 
imposed  on  the  crack  tip  by  the  moving  asperltibs.  In  the  linear  elastic  flrac- 
ture  mechanics  approach  adopted  in  a previous  paper  [20]  it  was  assumed 
that  crack  growth  rate  can  be  expressed  as  a power  function  of  the  stress 
intensity  factor.  iVhon  that  assumption  is  valid,  the  wear  rate  of  hard 
materials  should  be  higher  than  that  of  soft  materials  if  the  wear  is 
controlled  by  crack  growth  i \tes.  If  the  same  assumption  is  valid  for  high 
speed  (or  temperature)  sliding,  tlte  wear  rate  should  be  lower  at  high  sliding 
speeds  than  at  low  sliding  speeds  because  the  hardness  at  high  speeds  (or 
temperature)  will  be  lower.  This  does  not  seem  to  be  the  cose  for  spe^s  less 
than  5 m s^  S as  can  be  seen  f)rom  Fig.  4.  'fhis  implies  first  that  the  crack 
growth  rate  does  not  control  wear  and/or  that  the  linear  elastic  fracture 
mechanics  analysis  of  high  speed  sliding  crack  growth  rates  is  not  valid.  It 
appears  that  both  of  these  are  possibilities. 

It  appears,  therefore,  that  the  overall  wear  rate  is  a complicated  func- 
tion of  the  Metion  coefficient,  the  hardness,  the  bond  strength  of  the 
particle- matrix  interface,  the  crack  growth  rates  etc.  it  is  difficult  at  present 


to  predict  the  effect  of  all  these  parameters  on  the  wear  rate.  However, 
several  qualitative  conclusions  oan  be  drawn  firom  Figs.  3 and  4.  It  appears 
that  type  304  stainless  steel  exhibits  an  increasing  wear  rate  as  a function  of 
the  sliding  speed  throughout  the  test  range  because  of  a reduction  in  hard- 
ness, Further,  the  reduction  in  friction  coefficient  does  not  appear  to 
compensate  for  the  decrease  in  hardness.  Similar  argument  also  can  be  given 
for  the  1020  steel  and  for  the  titanium  for  speeds  between  1 and  5 m s"  * , 
The  decrease  in  wear  beyond  a speed  of  5 m s ^ may  be  due  to  an  increase 
in  toughness.  The  reason  for  such  an  increase  may  be  due  to  the  dissolution 
of  carbides.  Similarly,  in  the  case  of  titanium  it  is  conceivable  that  at  high 
temperatures  secondary  slip  systems  operate  making  the  material  more 
ductile.  The  increase  in  the  wear  rate  below  1ms’  can  be  explained  on  the 
basis  of  the  conventional  oxidation  and  abrasion  processes.  The  surfaces  of 
the  1020  specimen  and  the  slider  were  found  to  be  covered  with  red  iron 
oxide.  Tlius,  It  appears  that  the  oxide  particles  acted  as  abrasives  although 
the  oxide  particle  formation  need  not  be  by  the  o "Idative  wear  mechanism. 

Many  other  factors,  probably  less  important,  have  been  neglected  in 
the  above  discussion.  For  example,  large  thermal  stresses  could  be  Induced 
in  the  specimen  because  of  the  large  temperature  gradients.  In  the  polyphase 
alloys  large  thermal  stresses  can  bo  induced  even  in  the  absence  of  a temper- 
ature gradient  because  of  different  thermal  properties  of  different  phases.  In 
the  case  of  polycrystolllne  h.c.p,  metals,  which  are  generally  anisotropic  with 
respect  to  thermal  expansion  coefficients,  thermal  stresses  can  be  induced 
because  of  different  expansions  in  adjacent  grains.  Also  strain  rate  effects  are 
neglected  in  the  discussion.  However,  it  is  well  known  that  at  high  strain 
rates  even  iuctile  metals  behave  like  brittle  solids.  In  any  case  these  factors 
may  affect  the  subsurface  deformation,  crack  nuoleation  and  growth 
processes  somewhat  but  they  will  not  change  the  mechanism  of  wear  Itself. 
Despite  these  limitations,  microscope  examination  of  wear  tnioka,  of  the 
Hubsurbice  and  of  wear  particles  clearly  indicates  fiiat  the  mode  of  wear  was 
by  delamination.  Adhesion  and  oxidative  theories  of  wear  seem  to  be 
incompatible  with  observations.  A quantitative  description  of  wear  behavior 
awaits  developments  In  the  mechanical  aspects  of  cyclic  deformation,  crack 
nucleation  nnd  growth  processes  at  high  temperatures. 


Conclusions 

As  a result  of  the  present  study  on  the  high  speed  sliding  wear  of  metals 
under  unlubricated  conditions  in  air.  ttie  following  conclusions  oan  be  drawn. 

(1)  The  friction  coefficient  for  AIBI 1020  steel  is  always  higher  than 
that  of  AISI  304  stainless  steel  and  that  of  commercial  titanium.  The  friction 
coefficient  is  only  weakly  affected  by  the  normal  load  and  decreases  with 
Increasing  speed;  the  reduction  for  1020  steel  is  the  largest. 

(2)  The  wear  rate  of  stainless  stpel  increases  monotonlcslly  with  the 
speed,  whereas  it  goes  through  a mardmum  In  the  neighborhood  of  6 m s~ ' 
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for  both  1020  iteol  and  titanium.  The  drop  in  wear  rate  occurs  because  of 
both  a low  friction  coefficient  and  an  increased  resistance  of  the  material  to 
crack  nucleation  and  propagation,  as  a result  of  temperature  rise. 

(3)  Metallographic  examination  of  the  wear  tracks,  the  subsurface  of 
worn  specimens  and  the  morphology  of  wear  particles  (collected  during  the 
test)  indicates  that  the  mechanism  of  wear  was  subsurface  deformation, 
crack  nucleation  and  propagation,  Le.  the  delamination  mechanism. 

(4)  Oxidative,  adhesion  and  abrasive  wear  are  not  the  dominant  modes 
of  wear  under  the  conditions  observed  although  they  may  operate  slmultan' 
eously  with  the  delamination  wear. 
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Appendix 

Several  theoriei  have  been  propoaed  in  the  past  to  account  for  the 
temperature  rise  at  sliding  contacts.  Unfortunately,  the  theories  cannot  be 
made  use  of  in  practical  situations  because  the  assumptions  made  in  those 
theories  are  not  fully  valid,  Theoretically  calculated  values  may  be  several 
hundred  per  cent  off  from  the  measured  values.  Thus,  flequently  it  Is 
necessary  to  resort  to  experimental  measurement  of  the  temperature. 

A variety  of  experimental  techniques  sure  available  for  the  measurement 
of  the  temperature  of  sliding  contacts.  Measurement  of  the  thermoeleotxic 
e.m.f.  produced  by  the  sliding  pair,  Infrared  techniqu'is,  physical  and 
chemical  changes  associated  with  the  temperature  ri.'e  and  the  thermocouple 
technique  are  some  of  these.  Because  of  its  simplicity,  the  last  technique  is 
used  in  this  work  although  there  are  some  tlmitations.  In  this  technique 
temperature  is  measured  away  from  the  surface  and  the  surface  temperature 
is  estimated  by  either  graphical  extrapolation  or  by  numerical  evaluation 
using  heat  conduction  equations.  Qraphioal  extrapolation  generally  under* 
estimates  the  surface  temperature  because  the  temperature  gradient  near  the 
surface  is  much  steeper  than  in  the  Interior.  Thus,  numerical  methods  are 
genersdiy  preferred. 

Figure  A1  shows  the  schematic  arrangement  of  the  slider,  the  specimen 
and  the  thermocouples,  As  a result  of  frictional  work,  heat  la  generated  at  the 
interface  and  flows  into  the  specimen  and  the  slider;  the  amount  is  depen- 
dent on  Uie  geometry  and  on  the  thermal,  mechanical  and  tribological  prop- 
erti»  of  both  the  specimen  and  the  slider.  A steady  state  is  achieved  it  the 
heat  flowing  into  the  specimen  is  transmitted  away  by  convection.  Steady 
state  temperatures  meuured  at  different  locations  along  the  heat  flow 
direction  can  be  used  to  calculate  the  steady  state  average  surface  temper- 
ature. 

For  the  arrangement  shown  in  Fig.  Al,  the  specimen  can  be  regarded  as 
a fin  and  the  heat  flow  as  essentially  one  dimensional  (within  the  specimen), 
'rhls  is  a simplification  of  the  more  elaborate  two-dimensional  problem 
treated  previously  [Al] . The  steady  state  solution  to  this  problem  is  given  as 
IA21 
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FIs.  Al.  Snhfltnallc  arrangsmanl  of  th«  slldsr,  the  ipcolmen  and  the  thtrmocuuplM. 

T-T^  _ cosh  (/jC/AtA)>'»(l - x) 

r.-r.  coth  {HCIkA)^'^l 

where  T is  the  temperature  «t  a distance  x trom  the  surface,  T,  is  the 
ambient  temperature,  T,  the  average  interface  temperature,  h the  heat 
transfer  coefficient,  C the  circumference  of  the  fin,  A the  cross-sectional 
area  of  the  fin,  h the  thermal  conductivity  of  the  fin  and  / the  length  of  the 
fin. 

Generally,  it  is  difficult  to  estimate  the  heat  transfer  coefficient  on 
which  the  solution  is  dependent.  Also,  the  length  of  the  fin  is  not  necessarily 
the  length  of  the  specimen  because  grips,  a dynamometer  etc.  are  attached 
to  the  specimen.  Therefore,  instead  of  calculating  the  surface  temperature 
directly  from  eqn.  (Al),  it  is  neceuary  to  evaluate  it  from  experimentally 
raeasu^  temperatures  along  the  direction  of  heat  flow  (perpendicular  to 
the  sliding  surface)  at  different  locations.  Thus,  if  T„  Tu  7%  and  Ta  are  the 
temperatures  at  the  surface  and  at  distances  Xn  Xs  and  xs*  respectively,  then 
from  eqn.  (Al) 

Ti  - T,  _ cosh  m(l  — xi) 

T,  — T,  cosh  mf 

Tt—Tt  cosh  m(l  — xs) 
r,  — T,  cosh  ml 

cosh  m(l  — xi) 

T,  “ T,  cosh  ml 

where  m - (hC/kA)^'*.  Prom  eqn.  (AS) 

_coshm(l~xi) 
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^ T,  — T,  _ cosh  m(/  — Xi) 

^ T3  — T,  coshm(/  — X3) 

Using  the  identity 

f2  ^4 

cosh  t - 1 + — + — + . . . 

2!  4! 


and  considering  up  to  the  second  order  terms  only,  then 

a{l-X2f-U-Xxf  = ~a-a) 


(A4) 


(A5) 

(A6) 


Solving  for  /,  m and  T, 

/ 1 x'f(g-a)-X2a(^-l)-«-X3g(Q-l) 

2 xi(/3  — a)  — X2tt(^  “ 1)  + X3/J(a  ~ 1) 
la(/-X2)"-/J(/-X3)V 


and 


7'. 


T.- 


(T,  — TJ  cosh  ml 
cosh  m(/  — Xi) 


(A7) 

(A8) 


(A9) 


Equation  (A9)  has  been  used  in  the  present  work  to  calculate  the  sur- 
face temperature  making  use  of  the  experimentally  measured  temperatures 
T,,  T2  and  Tj  at  3,  6 and  9 mm,  respectively,  from  the  surface. 

The  temperatures  shown  in  Fig.  5 should  be  considered  as  approximate 
average  temperatures.  The  flash  temperatures  could  be  very  high  and  the 
present  technique  does  not  allow  an  estimation  of  those  values.  In  fact,  sparks 
have  been  observed  at  speeds  above  5 m s“’  during  the  test.  Further,  the 
temperatures  along  the  sliding  surface  at  distances  of  3 mm  from  the  surface 
at  three  different  locations  were  found  to  differ  by  as  much  as  15%.  This 
indicates  that  the  heat  generation  rate  is  not  the  same  along  the  surface.  In 
the  calculation  of  surface  temperature  average  values  of  T,  are  used.  How- 
ewer,  as  the  agreement  with  the  results  of  other  investigation  on  similar 
materials,  loads  and  speeds  [ A1  ] is  reasonably  good,  the  present  method 
seems  to  be  satisfactory. 
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IMPLICATIONS  OF  THE  DELAMINATION  THEORY  ON  WEAR 
MINIMIZATION 
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Moatoehuiaiti  /natKule  of  Ttehnology,  CQmbHdgt,  Man,  031S9  (U.S.A.) 
(Racaivad  Kabruary  1,  1977) 


Summary 

Varioui  Implication!  of  the  detamlnatlon  theory  on  wear  minimisation 
are  dlicuiaed  by  conaidering  varioui  meant  of  reducing  surface  tractions, 
microstructural  changes  which  retard  the  processes  necessary  for  wear,  and 
precautions  required  in  machining.  Surface  coating  techniques  are  also 
briefly  discuss^. 


Introduction 

The  Webster’s  New  Collegiate  Dictionary  defines  theory  as  *'a  plausible 
or  scientifically  acceptable  genera)  principle  or  body  of  principles  offered  to 
explain  phenomena...”,  A corollary  of  this  definition  Is  that  a theory,  if  it 
la  valid,  should  provide  insights  into  how  problems  associated  with  given 
phenomenon  can  be  solved.  The  purpose  of  this  paper  Is  to  discuss  several 
impUcatlons  of  the  delamination  theory  of  wear  with  regard  to  wear  inlnl- 
mlaatlon. 

Normally  wear  Is  prevented  or  mlnimiaed  by  using  hydrodynamic  or 
boundary  lubricants,  and  these  are  by  far  the  best  means  of  minimising  wear 
if  such  lubrication  is  poulble.  However,  there  are  situations  where  the  operat- 
ing conditions  do  not  permit  tire  use  of  any  lubricants.  Also,  contingency 
measurea  for  wear  prevention  are  neceeeary  when  lubricants  are  depleted 
from  critical  parts  (e.g.  In  the  transmission  casing  of  hallcopters).  In  such 
sltuattc  ns,  the  basic  wear  properties  of  the  solid  materials  and  any  modiflca- 
tion  o the  surface  properties  that  Improve  wear  oharaoterlsilcs  bMome 
Impoi  lent  factors. 

In  the  past,  the  wear  propertlae  of  metals  hava  been  oharaotariaed  In  a 
rather  cursory  manner  by  only  specifying  the  chemistry  and  the  hatdnasa  of 
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metals  but  nedlocting  mlcrostmctural  variables  and  ductility.  The  results 
presented  in  the  preceding  papers  [1-8]  clearly  show  that  this  past  practice 
is  not  only  less  than  rigorous  but  can  lead  to  serious  difficulties,  since  the 
wear  rates  of,  for  example,  AISI 1045  steel  can  vary  a great  deal  depending 
on  its  microstructure  and  the  volume  fnction  of  inclusions.  One  of  the  MIT 
group's  research  objectives  is  to  establish  meaningful  characterization 
parameters  which  can  be  used  by  design  engineers  in  the  specification  of 
materials  for  wear  applications. 

The  mlcrostucture  of  a material  can  be  rigorously  quantified  in  terms 
of  the  geometrical  aspects  of  its  structure:  point,  line,  planar  and  volume 
elements.  Such  a characterization  is  made  on  the  assumption  that,  no  matter 
how  a given  microstructure  is  produced,  it  possesses  the  same  properties  and 
that  it  is  possible  to  predict  the  properties  of  the  aggregate  from  the  prop* 
ertles  of  the  constituents.  In  this  paper,  a simpler  characterization  of  metals 
has  been  adopted.  Here,  metals  are  characterized  as  pure  metals,  solid  lolU' 
tlons,  two-phase  alloys  or  composites. 


Surface  traction 

It  has  been  clearly  pointed  out  in  preceding  papers  that  the  wear  rate 
is  very  significantly  affected  by  the  magnitude  of  the  normal  and  the  tan- 
gential loads.  Since  the  normal  load  la  controlled  by  the  external  conditions 
and  basic  nature  of  the  materials,  the  only  option  is  to  control  the  magnitude 
of  the  tangential  load.  The  most  obvious  way  of  reducing  the  wear  rate  is 
to  lubricate  the  interface.  However,  only  other  methods  of  reducing  wear 
will  be  dlsouased  In  this  paper,  since  lubrication  by  conventional  means  is 
outside  the  scope  of  this  paper. 

It  was  shown  [4]  that  the  coefficient  of  friction  Is  affected  by  adheaion 
and  plowing.  The  plowing  component  of  the  triotlonal  force  decreases  os 
the  hardness  is  increased  by  such  techniques  as  solid  solution  hardening, 
which  In  turn  decreases  the  wear  rate  significantly.  Therefore,  it  is  highly 
desirable  to  make  the  surface  at  hard  os  possible  without  introducing  crack 
nucleatlon  sites.  The  low  coefficient  of  Mctlon  exhibited  by  such  hard 
materials  as  group  IV  B and  group  V B carbidae  atteaU  to  this  conclusion. 

Thf  adhesional  component  of  the  frictional  force  has  a similar  effect 
on  the  wear  rata.  An  idantical  or  slntUar  pair  of  metals  has  e greater  tendency 
for  adhaalon  than  those  which  differ  to  too  extent  of  not  forming  solid 
solutions  [9] . Rabinowici  hes  investigated  this  problem  extensively  and  has 
produced  a oompaUbillty  chart  for  varioui  combinationa  of  pun  aksments, 
os  shown  in  Fig.  1.  It  is  clear  that  the  beat  combination  for  low  friction  and 
low  wear  appMcationa  ia  two  hard  fingle-phase  materials  which  ore  not 
chemically  oompi  tibia  (I.s,  those  shown  by  solid  circlet  in  Fig.  1). 

The  crystal  slnictun  of  metala  hoe  a significant  influence  on  toe  wear 
rate.  Bine*  the  crystallographic  orientation  of  mttals  near  the  surface  changes 
to  that  the  slip  pltintt  line  up  parallel  to  the  surface,  toe  frictional  force  is 
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nil.  1.  Rablnowici'i  oompatlbUlly  chart  for  varloua  mata)  ooinblnatlona  dcrivad  from 
binary  dlaiiama  of  the  rcapcctlva  alamanta  (from  raf.  9)  In  tarma  of  prafarrad  anti* 
friction  •urfaGW;  9 two  liquid  phaaai,  anlld  aolutlon  taca  than  O.IK  loiublllty  (lowNt 
adhatlon); « two  liquid  phaiaa,  tolld  solution  graatar  than  0.1%,  or  ona  liquid  phaaa, 
solid  solution  lass  than  0. 1%  solubility  (nnt  lowast  adhesion )i  ona  liquid  phaaa,  solid 
solution  batwaan  0,1%  and  1%  solubility  (hlidtar  adhasion);  u ona  liquid  phase,  solid 
solution  oaar  1%  (higher  adhasion).  Blank  boxes  Indicate  insufflcienl  Information. 


lowerod  by  the  eenler  ilip  ((Hpeoielly  in  the  ebtence  of  plowing).  Hexagonal 
cloM  packed  (h.o.p.)  metali  with  their  c/a  ratioa  greater  than  the  ideal  1.088 
are  generally  lecogniged  aa  metala  with  euy  ilip.  However,  even  metal*  auch 
a*  cobalt  which  haa  a e/a  ratio  of  1.636  can  be  modified  through  the  forma- 
tion of  aolld  aolutiona  to  give  good  flip  properttea.  One  technique  of  making 
uae  of  the  clip  propertioa  of  auch  h.c.p.  metala  la  to  diapene  a amall  volume 
fraction  of  hard  partlolea  auch  u WC  in  an  h.c.p,  matrix  auch  m cobalt  (note 
that  WC  and  Co  form  a aolld  solution).  In  such  a system,  tha  normal  load  is 
carried  by  the  hard  paurticlas  and  tha  matrix  provides  low  friction  propertied. 
Although  ttie  Motional  force  can  be  very  im^  whan  eliding  against  such  a 
surface,  this  type  of  surface  ia  only  good  when  the  applied  normal  load  is 
ralativaly  low,  as  in  Instrumants.  Such  a coating  has  bMn  made  by  plasma 
spraying. 


Mlcrostniotuial  eonsMairatioiw 

As  dlsousssKl  aarliar  [11 , tha  prooesaea  that  lead  to  wear  of  metals  are 
•ubaurfaca  deformation,  oiaok  nuolaation  and  crack  propagation.  It  la  clear 
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that  wear  of  materialii  can  be  minimized  by  slowing  down  or  suppressing 
these  processes.  Lowering  the  friction  coefficient  and  raising  the  hardness  of 
materials  reduces  the  subsurface  deformation  and  hence  the  crack  nucleation 
rate.  Raising  the  toughness  decreases  the  crack  growth  rates.  Therefore,  for 
effective  wear  control  all  that  is  necessary  is  to  design  the  microstiuoture  of 
materials  to  reduce  the  friction  coefficient  and  to  raise  the  hardness  and 
toughness  of  materials.  Unfortunately,  it  is  not  possible  to  achieve  both  high 
hardness  and  toughness  with  a single  microstructure.  Normally,  any  manipu- 
lation of  the  microstructure  to  raise  the  hardness  reduces  the  toughness  of 
materials  and  therefore  a careful  optimization  is  necessary.  The  design  of 
the  microstructure  of  wear  resistant  materials  is  an  exercise  in  such  an  opti- 
mization process. 

The  flow  strength  of  materials  should  be  made  as  high  as  possible 
without  introducing  any  undesirable  effects  such  as  internal  crack  nucleation 
sites.  It  has  already  been  noted  that  the  coefficient  of  friction  and  the  wear 
rates  are  decreased  if  at  least  one  member  of  the  sliding  pair  is  a solid  solu- 
tion [4] . The  improved  wear  resistance  is  due  to  the  lowered  frictional  force 
and  the  decreased  surface  layer  deformation  rate,  and  the  consequent  lower 
rate  of  crack  nucleation.  Nitriding  and  carburizing  of  steel  is  certainly  a 
desirable  thing  to  do  in  this  sense.  However,  one  of  the  problems  encountered 
in  making  solid  solutions  is  the  segregation  of  solutes,  forming  a weak  two- 
phase  material.  Graphite  formation  in  steel  and  the  segregation  of  nickel  In 
brass  may  be  only  two  of  many  examples  of  solute  segregation. 

In  many  metals  hardening  is  often  accomplished  by  the  generation  or 
Introduction  of  second  phases,  since  solid  solution  hardening  may  not  give 
an  adequate  increase  In  hardness.  As  soon  as  large  second-phase  particles 
are  introduced,  crack  nucleation  occurs  quite  rondily  and  the  crack  propaga- 
tion rate  tends  to  become  the  wear  rate  determining  process  [2.1 . One  in- 
teresting investigation  would  be  to  make  two-phase  materials  in  which  the 
second  phase  is  so  small  (according  to  Argon  al.,  lew  than  200  A [10] ) that 
It  only  contributM  to  the  hardneca  without  providing  crack  nucleation  sites. 
Another  powibllity  is  to  increase  the  volume  fraction  of  hard  particles  to 
a point  where  the  matrix  metal  constitutes  only  a small  fraction  of  the 
volume,  fi.g,  cutting  tools  made  of  tungsten  carbide  bonded  with  cobalt. 

One  Intereating  raeaiu  of  mlnimiaing  wear  is  through  the  creation  of 
a fiber  reinforced  composite  with  preferentially  oriented  fibers.  It  seems 
reasonable  to  speculate  that  if  fibers  are  placed  with  their  axea  perpendicular 
to  the  surface,  cracks  parallel  to  tiie  Surface  will  not  be  able  to  propagate, 
since  the  crack  tip  opening  diiplacement  (and  thersfora  the  stress  concentra- 
tion at  the  crack  tip)  will  be  prevented  by  the  stlffnew  of  the  fibers.  Such 
an  Idea  was  tried  by  undergraduate  students  at  MIT  using  a unlaxially  ori- 
ented Kevlar  organic  fiber-epoxy  compoelte  [11] . Their  results  are  shown 
In  Fig.  2.  The  specimens  with  fibers  normal  to  the  surface  had  the  higheat 
coefficient  of  Motion  and  yet  had  the  lowest  wear  rat whereas  the  reverse 
was  true  for  the  speolmSna  wiiJi  fibers  parallel  to  the  surface.  The  exact 
wear  mechanisms  of  these  composites  ate  being  invMtigetad  at  MIT. 
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Fill.  2.  Fridllun  c<>«fficl«nt  and  w«air  rate  of  Kavlar  fiber  reinforced  epoxy  compoalle* 
under  a load  of  1 kg  and  a alldlng  apeed  of  2.54  m a V li  and  T denote  the  apeolmena  with 
flben  oriented  parallel  and  tranavana  to  the  eliding  dlrecllnn.  lying  In  the  plane  of  the 
aurfaca:  N danotea  apeoimana  with  fibara  oriented  perpendicular  to  the  aurface  (from 
ref.  11  k The  apeolflc  wearratee  (cm®  kg  ^ m were;  “ ti”  19.8  x 10  x 

10  •(-ir-  a.l  X 10  * 


Coating  tachnlquM 
Soft  coatingi 

Aa  dlicuiMd  aarliar  In  nlition  to  the  effect  of  gurfhce  traction  on  wear, 
it  U deelrable  to  uw  liquid  and  lolid  lubricanU  to  lower  the  coeffiaient  of 
friction.  Since  loUd  lubricant  technology  it  outilde  the  goope  of  thii  paper, 
only  the  implications  of  the  delamination  theory  on  thin  soft  metal  layers 
will  be  discussed. 

NotwlthsUnding  thn  controveny  concerning  the  dynamics  of  disloca- 
tions near  a surfhce,  the  results  obtained  to  date  prove  conclusively  that  a 
thin  metal  layer  bonded  to  a hard  substrate  can  ifKluce  the  wear  rate  by 
several  orders  of  magnitude  ( 12| . The  oritlcal  nature  of  the  thickness  of 
the  plate  was  brought  out  by  the  delamination  theory  [1, 13] . In  general,  the 
thlcknea  of  the  soft  layer  must  be  of  the  order  of  0,1  nm-  Recent  experi- 
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ments  at  MIT  indicate  that  such  a coating  is  effective  even  at  high  speeds  and 
prevents  seizure  even  in  situations  where  seizure  would  occur  immediately 
upon  contact  in  the  absence  of  a coating.  Further  research  must  be  done  on 
techni(iues  to  attach  a well-bonded  layer  to  various  surfaces. 


Hard  coatinga 

Another  way  of  increasing  the  wear  resistance  is  to  put  a very  hard 
layer  on  a substrate  such  that  plastic  deformation  cannot  take  place  in  the 
substrate  and  in  the  coating.  Since  a plastic  deformation  zone  has  not  been 
observed  deeper  than  200  pm,  the  thickness  of  the  hard  layer  should  be  of 
this  order  of  magnitude,  although  in  many  Hituations  it  may  be  much  less 
than  this  value.  The  coating  must  be  coherent  and  free  of  microcracks  since 
crack  propagation  is  possible  even  in  the  absence  of  plastic  deformation  if 
there  are  pre-existing  cracks. 

Good  candidates  for  coating  materials  are  such  hard  ceramics  as  AI3O3, 
WC,  TIC  and  HfC.  They  can  be  applied  using  chemical  vapor  deposition 
(CVD)  techniques  or  physical  vapor  deposition  techniques.  The  choice  of 
the  coating  technique  will  depend  on  the  nature  of  the  suitstrate  and  on  the 
physical  and  chemical  properties  of  the  materials  involved.  There  are  a 
number  of  excellent  references  on  coating  techniques  and  their  applications 
113.14]. 

Another  interesting  possibility  is  the  generation  of  a surface  consisting 
of  a Hut^ersaturated  solid  solution  using  a rapid  heating  and  cooling  tech- 
nique such  os  laser  heating.  Whether  or  not  such  a material  will  undergo  a 
rapid  precipitation  when  strained  is  not  known  at  this  time. 

One  of  the  main  advantages  of  hard  coatings  over  soft  coatings  is  the 
abrasive  wear  resistance  of  hard  coatings.  In  any  sliding  situation  where 
abrasive  wear  is  possible  soft  coatings  cannot  be  used  since  they  can  easily 
be  removed  by  abrasive  wear.  A mqjor  disadvantage  of  hard  coatings  In  a 
non-abrasive  environment  is  tiiat  if  any  large  wear  particle  is  generated  from 
the  coating  material  it  can  act  os  an  abrasive  particle  and  can  damage  the 
soft  surfaces  of  other  sliding  components.  This  problem  becomes  more 
critical  as  the  coating-substrate  bond  strength  decreases. 

Coatirtg  formed  durirtg  eliding 

The  formation  of  a soft  or  a hard  layer  on  a substrate  Uuough  a chem- 
ical reaction  between  certain  components  in  the  lubricant  and  the  substrate 
should  be  investigated  by  considering  whether  or  not  it  lowers  the  coefficient 
of  friction.  The  effect  of  these  layers  may  be  not  only  the  minimization  of 
metal-to-metal  adhesion  but  also  the  leduction  of  the  tangential  component 
of  load  which  in  turn  affect  the  wear  behavior.  A coherent  and  stable  oxide 
layer  which  lowers  the  coefficient  of  friction  can  have  similar  beneficial 
results.  In  contrast,  if  these  layers  get  removed  at  a faster  rate  than  the 
delamlnation  rate  hy  the  sliding  action,  the  wear  rate  will  be  accelerated. 
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Surface  quality 

Since  the  initial  wear  rate  depends  so  sensitively  on  the  surface  topog- 
raphy and  the  surface  inteiirity  (vrhich  define  the  surface  quality),  the  effect 
of  machining  and  other  preparation  techniques  on  surface  quality  is  an 
important  consideration  in  tribological  applications.  Even  steady  state  wear 
can  be  affected  by  the  Initial  wear  rate  if  the  initial  wear  particles  are  either 
entrapped  or  return  to  the  sliding  interface. 

When  the  final  surface  is  generated  by  machining,  the  tool  should  be 
sharp  if  a damage-free  surface  is  to  bo  generated.  However,  if  the  machined 
surface  is  to  be  lapped  or  run  in,  the  surface  preparation  technique  Is  not 
particularly  critical.  The  surface  roughness  obtained  through  machining  is 
not  a good  indication  of  its  "wearability”  since  this  depends  on  particular 
loading  aptilieations  [6] . 

The  effect  of  the  surface  waviness  in  a .stiff  sliding  system  (i.c.  a gt^o- 
metrically  constrained  system)  on  wear  was  discussed  elsewhere  |1&] . Since 
tile  tangential  component  of  the  surface  traction  can  increase  to  a large 
value  when  there  is  a long  range  variation  of  the  surface  profile  (i.e.  waviness), 
the  wear  rate  can  be  increased  significantly  owing  to  the  waviness.  However, 
at  this  time  surface  waviness  is  not  specified  as  part  of  manufacturing 
guidelines. 


Conclusions 

The  delamination  theory  provides  guidelines  for  wear  minimization 
through  control  of  the  metallurgloal  structures  and  chemistry  of  sliding  sur- 
faces, modification  of  the  surface,  and  machining  practices.  The  theory  may 
also  be  used  in  creating  composite  structures  for  minimum  wear.  It  is  clear 
that  the  wear  charactetiatici  of  metals  with  the  same  chemical  composition 
can  be  substantially  different  depending  on  their  microstructuros  and  there- 
fore a material  for  wear  applications  is  not  well  defined  until  the  wear  char- 
acteristics have  been  specified  in  addition  to  the  current  specifications. 
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Summary 

The  role  at  the  atacking  fault  energy  (8FE)  in  the  delamlnation  wear  of 
single-phase  f.c.c.  metals  is  discussed,  based  on  the  data  obtained  with  four 
different  copper- based  solid  solutions  and  with  aluminum,  nickel  and  AISI 
304  stainless  steel.  Since  crystal  plasticity  (and  thus  the  SFE)  affects  all 
aspects  of  delamlnation  wear  (i.e.  surface  traction,  plastic  strain  accumu- 
lation, crack  nucleation  and  crack  propagation)  and  since  the  interactions 
between  them  are  complex,  there  is  no  simple  general  relationship  between 
the  SFE  and  the  wear  rate. 


Introduction 

In  the  preceding  papers  [1  • 8]  it  was  shown  that  the  wear  of  metals  with 
inclusions  and  hard  second-phase  particles  is  largely  controlled  by  the  crack 
propagation  rate  since  cracks  can  nucleate  readily.  It  waa  shown  that  crack 
nucleation  in  these  metals  is  controlled  by  the  location  of  the  hard  particles, 
the  hardness  of  the  matrix  and  the  surface  tiaction.  For  single-phase  metals, 
however,  this  model  for  crack  nucleation  does  not  apply,  although  it  is 
expected  that  the  crack  propagation  phenomenon  is  the  same  for  both  single- 
and  multi-phase  metals.  Since  crooks  may  not  nucleate  readily  in  single-phase 
metals,  it  is  still  not  certain  whether  crack  nucleation  or  crack  propagation 
controls  the  wear  rate. 

Buh  [9]  speculated  on  various  plausible  mechanisms  for  crack  nuole- 
ation  in  single-phase  metals,  including  crack  nucleation  at  the  walls  of  dis- 
location cells.  However,  no  definitive  work  has  been  done  to  date,  The 
difficulty  is  that  changes  in  physical  properties  Introduced  by  metallurgical 
means  affect  all  aspects  of  delamination  wear  and  therafore  the  role  of  each 
cannot  be  easily  isolated.  The  purpose  of  this  paper  is  to  shed  some  light  on 
these  unresolved  questions  by  considering  the  wear  process  in  terms  of 
stacking  fault  energy  (SFE),  especially  in  view  of  the  recent  publications  by 
Hirth  and  Rigney  ( 10]  and  Ri^ey  and  Oloeser  [11] . 
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It  is  well  ei^tablished  that  SFB  affects  such  mechanical  properties  of 
metals  as  flow  stress,  work  hardenlnK  behavior,  crack  nucleation  and  crack 
propagation  throu^^  its  effect  on  dislocation  mobility  and  interactions. 
Owing  to  ease  of  cross-slip  [12] , the  f.c.c.  metals  with  high  SFE  readily  form 
dislocation  colls  when  plastically  deformed.  When  the  SFE  is  low,  the  defor- 
mation of  f.c.c.  metals  tends  to  be  more  planar.  Also,  the  crack  propagation 
rate  increases  with  the  SFE  [13] , and  consequently  low  cycle  fatigue  life  is 
improved  with  a decrease  in  the  SFE  |12] . In  view  of  these  observations. 
Mirth  and  Rigney’s  argument  that  the  walls  of  dislocation  cells  may  act  as 
crack  nucleation  sites  and  as  the  path  for  crack  propagation  is  certainly 
plausible  [10] . However,  the  role  of  the  SFE  in  delamination  wear  cannot  be 
assessed  similarly  through  a simple  extrapolation  of  the  bulk  behavior  since 
the  SFE  also  affects  hardness,  which  in  turn  controls  crack  nucleation  and 
propagation  rates  through  its  effect  on  surface  traction  and  the  resulting 
stress  field  [2,  3] . The  results  presented  in  this  paper  illustrate  this  complex 
interaction. 


Experimental 

A variety  of  single*phase  f.c.c.  metals  and  alloys  with  different  hard- 
nesses, SFEs  and  friction  coefficients  (when  slid  against  an  AISl  62100  steel 
slider)  were  chosen  for  study . Copper-zinc  solid  solutions  with  up  to  30  wt.% 
zinc  were  added  to  the  list  of  Cu-Cr,  Cu-Si  and  Cu-Sn  solid  solutions  studied 
earlier  [6].  Commercially  pure  nickel  and  1100  aluminum  were  chosen 
because  their  SFEs  ate  the  highest  among  f,o.c.  metals.  AISI  304  stainless 
steel  was  also  chosen  because  its  hardness  is  comparable  with  that  of  nickel 
but  It  has  a low  SFE  of  20  erg  cm"*,  like  the  rngjority  of  copper  alloys. 

Commercially  pure  1100  aluminum  in  the  form  of  12.7  cm  diameter 
rods  was  swaged  down  to  0.636  om  diameter  at  room  temperature  without 
any  intermittent  annealing.  The  swaged  rods  were  then  annealed  in  air  at 
300  T!  for  1 h.  Commercially  pure  nickel,  which  was  obtained  n)<  cold-drawn 
rod  of  0.636  cm  diameter,  was  annealed  in  vacuum-sealed  Vycor  capsules  at 
800  for  1 h.  Metallographic  examinatitm  did  not  show  any  obaervable 
precipitates  at  1000  X . The  AISI  304  atsdnleas  steel  was  tasted  as  received.  All 
speciinena  in  the  form  of  0.636  om  diameter  and  7.6  om  long  rods  were 
polished  on  abrasive  papers  of  various  grita  and  diamond  lapping  compound. 
The  final  polishing  was  done  with  0.26  pm  diamond  lapping  compound.  The 
AISI  52100  steel  slider  (0,636  cm  diameter)  wm  polish^  similarly. 

All  tha  tests  were  carried  out  with  a cylinder-on<ylinder  geometry  at  a 
sliding  speed  of  2 m min  ~ * md  a normal  of  2 kg  In  a dry  deoxygenated 
argon  atmosphere.  The  normal  load  and  the  friction  coefficient  were  contin- 
uously monitored  by  a dynamometer-Sanbom  recorder  assembly.  Except  in 
the  case  of  1100  aluminum,  the  duration  of  each  test  was  lOQ  min.  The  test 
duration  for  aluminum  was  20  min  because  the  wear  rate  wu  very  high  and 
the  geometry  of  the  wear  track  changed  substantially  after  20  min.  The 
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specimens  were  weighed  before  and  after  the  wear  test  to  an  accuracy  of 
0.01  mg  and  the  difference  was  recorded  as  weight  lost  due  to  wear.  Other 
details  are  the  same  as  those  given  in  an  earlier  paper  on  copper-based  solid 
solutions  [6] . 


Reflulta  and  discussion 

Figure  1 shows  the  wear  rates  of  copper-baaed  solid  solutions,  alumi- 
num, nickel  and  AISI  304  stainless  steel  as  a function  of  hardness.  Table  1 
also  lists  other  physical  properties  of  aluminum,  nickel  and  AISI  304  stainless 
steel. 

The  experimental  results  with  copper-baaed  solid  solutions  show  that 
except  in  the  case  of  Cu~Zn  alloys  the  wear  rate  decreases  with  Increase  in 
hardness.  This  is  consistent  with  the  fact  that  the  increase  In  hardness 
decreases  both  incremental  plastic  deformation  and  surface  traction 
(Fig.  2).  These  rmults  are  discussed  in  detail  in  a preceding  paper  [6] . 
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Fig.  1.  Thfl  Wair  rats  v§.  lha  hardnasa  for  all  Uia  axparimaiital  instorislai  o OPMC  ooppar, 
^ Cu-  Si,  o ,Ou-8n,  o Cu-Zn,  0 Qs-Cr,  ■ AISI  804  sUInlais  tiaal,  ■ 1100  Sluminum, 

■ Nl; normal  load  8 kgislldlng spasd  3 m mln~’ 
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Fig.  3.  The  wear  rate  as  a function  of  the  SFE;  O OFHC  copper,  ^ Cu-Si,  □ Cu-Sn, 
o Cu  Zn,  0 Cu-Cr,  " AISl  304  stainless  steel,  B 1100  aluminum,  ■ Ni. 

rates  has  been  explained  earlier  in  terms  of  hardness  and  surface  traction.  The 
plot  also  shows  that  most  of  the  copper-based  alloys  (except  the  Cu-Zn  alloys) 
have  low  wear  rates  and  low  SFE.  However,  the  results  of  Cu-Zn  alloys  and 
stainless  steel  show  that  low  SFE  metals  do  not  necessarily  have  low  wear 
rates. 

In  order  to  clarify  the  observed  wear  phenomenon,  the  wear  rates  of 
copper  and  Cu-Si  alloys  will  be  used  to  illustrate  how  various  factors  of 
delamination  wear  affect  the  wear  behavior.  The  wear  rates  of  Cu  and  Cu-Si 
alloys  are  about  the  same,  although  the  SFEs  of  these  metals  differ  by  an 
order  of  magnitude.  This  fact  is  unexpected  since  Ishii  and  Weertman  [13] 
showed,  using  Cu-Al  alloys,  that  the  crack  propagation  rate  of  copper  solid  ; 

solutions  decrca.scs  with  increase  in  solute  content  and  with  decrease  in  the 
SFE  (Fig.  5).  Therefore  one  would  expect  that  OFHC  copper  would  wear 
much  faster  than  Cu-Si  alloys.  This  difference  in  the  wear  rate,  however,  can 
also  be  explained  by  considering  the  differences  in  hardne.ss  and  coefficient 
of  friction.  Copper  is  softer  than  Cu-8.6  at.%  Si  by  about  36%,  while  the  ; 

coefficient  of  fri(;tion  of  copper  is  0.98  and  that  of  the  copper -silicon  alloy 
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U 0.74.  Thenfon  the  higher  cnck  nucteetion  end  propegation  ratee  In  copper 
wore  compenaated  for  by  the  higher  haidnow  and  lower  coefficient  of  friction 
of  the  copper-ailicon  alloya.  Similar  reeaoning  can  be  applied  to  all  copper- 
baaed  aolld  aolutlona  except  the  Cur-^n  alloya. 

The  behavior  of  the  copper-ainc  alloya  doviatea  Arom  the  general  pattern 
eatabliahed  by  the  other  copper-baaed  aolid  aolutlona.  Ita  wear  rate  increaaea 
with  the  aolute  content,  while  that  of  the  othera  decreasea  Inatead.  Theae 
reaulta,  however,  are  conalatent  with  the  reaulta  publlahed  in  the  literature 
[14] . It  la  alao  intereatlng  to  note  that  the  hardneaa  of  braai  increaaea  alightly 
with  aolute  content  up  to  80%  fine.  Conaequently,  ita  coefficient  of  firlotlon 
alao  decreaaea  alowly.  Theae  experimental  reaulta  obtained  with  braaa  may  be 
explained,  aa  foUpwa,  Ihe  6PB  of  i»aaa  approaohea  an  wymptote  when  the  aolute 
content  axeaeda  about  S0%  (Fig.  6).  Aa  a reault  the  crack  nuoleatlon  and 
propagation  ratee  of  braaa  may  not  change  alpiiflcantly  when  the  aolute 
content  exoeeda  S0%.  Furtheimcate,  their  hardneaa  and  flrtotional  coefflalent 
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Fif;.  5.  The  crack  propagation  rale  aa  a function  of  the  SFEs  of  Cu- Al  alloys  [10]  at  room 
temperature;  AK  • 9 kg  mm”®^. 


Fig.  r.  The  SKK  as  a function  of  the  solute  content  of  copper-based  solid  solutions  [15] : 

Cii.  '-Cii  Si,  1 1 Cu  Sn,  Cu  7,n. 
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do  not  vaiy  tignlflcantly  In  this  r«nge  of  lolute  content.  Therefore  it  i« 
reuonable  to  expect  ilmllor  wear  ratov  for  brau  with  20%  and  30%  solute 
content.  However,  the  higher  wear'  rate  of  brau  in  comparison  with  copper 
and  the  lower  wear  rate  of  the  Cu-10  at.%  Zn  alloy  in  comparison  with  the 
brass  with  higher  sine  contents  cannot  be  explained  on  this  basis.  It  appears 
that  the  segregation  of  sine  at  grain  boundaries  is  the  m^or  cause  for  the 
observed  anomaly  [16] . 


Concluoions 

In  sliding  wear  all  the  factors  involved  (namely,  surface  traction,  plastic 
deformation,  crack  nucleation  and  crack  propagation)  must  he  considered 
in  evaluating  the  effect  of  metallurgical  variables  on  the  wear  rate  of  metals. 
The  SFFj  may  affect  the  wear  rate  through  Its  Influence  on  hardness  and  the 
crack  nucleation  and  crack  propagation  rates.  However,  tlie  wear  rate  need 
not  be  a simple  function  of  the  SFE. 
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Summary 

Thu  mechanism  of  the  sliding  wear  of  metals  in  corrosive  media  was  in- 
vestigated. In  particular,  the  role  of  chemloal  heterogeneities  on  chemical 
interactions  between  the  sliding  surface  and  its  environment  was  studied 
using  2024  aluminum  alloy  and  sodium  chloride  solutions  of  varying  pH 
and  NaCl  concentration.  Sliding  wear  tests  with  a cyllnder-on-ry Under  geom- 
etry ware  performed  at  a sliding  speed  of  1 m min ' ‘ and  a normal  load  of 
^.B  N (1  kgf).  The  results  show  that  at  pH  ■■  0 and  pH  ■■  14,  the  wear  rate  is 
dominated  by  the  dissolution  of  aluminum  into  the  NaCl  solution.  In  the 
Interiiiedinte  pH  range,  the  wear  rate  Is  shown  to  be  controlled  by  the  con- 
joint actions  of  corrosion  and  delaminatioti  wear.  Microscope  examination 
of  the  worn  specimens  by  means  of  a scanning  electron  microscope  further 
confirms  that  the  mode  of  corrosion  is  of  a localised  nature. 


Introduction 

The  sliding  wear  of  metals  is  generally  controlled  by  material  properties, 
loading  conditions  and  environment.  The  preceding  papers  [1  - 10]  on  the 
delamination  theory  of  wear  have  covered  various  theoretical  and  practical 
aspects  of  the  first  two  controlling  factors,  l.a.  material  properties  and  load- 
ing conditions.  The  purpose  of  this  paper  is  to  present  the  work  done  on  the 
effect  of  any  chemical  interaction  of  sliding  surfaces  with  the  environment. 
The  mode  of  wear  under  this  condition  is  commonly  referred  to  os  corrosive 
wear. 

Chemical  effects  on  the  sliding  wear  of  metals  are  important  In  many 
practical  situations.  Examples  are  boundary  and  extreme  pressuro  (BP) 
lubrication  of  sliding  surfaces,  which  is  often  considerwl  as  a form  of  con- 
trolled corrosive  wear,  and  lubrication  and  wear  of  machinery  in  a marine 
environment,  in  which  salt  water  and  salt-bearing  air  provide  a corrosive 
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medium.  The  practical  implications  cl  this  study  can  be  summarized  in  two 
aspects  of  wear  control: 

(1)  to  provide  insight  into  the  controlling  factors  of  effective  lubrica> 

tion; 

(2)  to  understand  better  the  mechanism  of  corrosive  wear  and  its  rela- 
tionship to  delamination  wear  in  practical  situationr. 

h'rom  either  the  lubrication  or  the  component  failure  viewpoint,  the 
conventional  conception  of  corrosive  wear  it  primarily  the  regeneration  and 
removal  of  a surface  film  on  the  sliding  surfices. 

In  the  abaence  of  an  “active**  lubricant,  the  corrosive  wear  problem  has 
alwaya  been  considered  in  terms  of  oxidative  wear  models  [11  - 13] . The 
basic  assumption  of  these  models  is  that  wear  of  the  sliding  surfaces  is  u 
result  of  removal  of  the  surface  oxide  la^'er,  and  hence  the  wear  rate  Is  con- 
trolled by  the  diffusion  of  oxygen  ntoms  through  the  oxide  layer.  The  valid- 
ity of  these  models,  however,  is  questionable  when  one  consldokt  the  ubserva- 
tloni  of  plate-like  wear  particles  and  the  lurge-scale  subsurface  deformation 
on  a sliding  surface.  The  delamination  process,  i,«.  subsurface  deformation, 
crack  nucloatlon  and  crack  propagation,  has  indeed  been  shown  [8]  to  be 
dominant  in  the  wear  of  metals  even  at  Idgh  sliding  spsed,  in  spite  of  the 
fact  that  the  wear  track  is  highly  oxidized  owing  to  excessive  temperature 
rise  during  sliding. 

From  the  boundary  (and  EP)  lubrication  perspective,  there  seems  to 
l)e  a general  acceptance  of  the  view  that  lubrication  li  brought  about  by  a 
chemically  form^  surface  film  at  the  sliding  interface.  However,  the  nature 
of  this  surface  film  has  not  l)een  conclusively  Identified.  Some  researchers 
have  claimed  that  the  surface  film  is  an  organometalllc  compound  [14  ■ 16] , 
while  others  have  suggeste*!  an  inorganic  film  [17] . In  addition  to  the 
dispute  on  the  nature  of  the  surface  film,  no  one  seems  to  know  how  to 
control  the  formation  of  such  surface  films  on  a scientific  basis.  The  role  of 
various  controlling  factors  such  as  the  environment  is  not  well  under- 
stood. 

In  summary,  the  existing  theories  of  corrosive  wear  have  neither  de- 
picted a clear  picture  of  the  mechanism  involved  nor  adequately  provided 
a scientific  bails  for  the  design  or  selection  of  lubricants.  Their  limitations 
stem  from  the  fact  that  most  of  these  theories  failed  to  recognize  several 
important  physical  phenomena  on  the  sliding  surfaces,  such  as  the  following. 

(1)  Chemical  and  mechanical  actions  have  always  been  assumed  to  act 
Independently.  Chemical  reactions  may  reduce  the  surface  traction  (and 
hence  the  Mctlon  coefficient)  through  the  formation  of  a surface  film,  which 
in  turn  reduces  the  plastic  deformation  on  the  sliding  surfaces.  Concurrently, 
plastic  deformation  due  to  mechanical  interoutloni  laads  to  an  accumulation 
of  strain  energy,  thus  enhancing  chemical  reactivity,  Such  accumulation  of 
stored  energy  is  most  probably  non-unlformly  dlatrlbuted  on  the  sliding 
surface  because  of  the  structurally  hateroganeous  nature  of  the  lurfece.  The 
mechanical  action  may  also  expose  nascent  metals  which  could  act  as  cata- 
lysts for  any  chemical  reaction  between  the  metal  surface  and  its  environment. 
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(2)  Although  It  has  been  considered  in  very  general  terms,  the  hetero- 
geneous nature  of  the  metallurgy  and  the  chemistry  of  the  metal  surfaces 
has  always  been  disregarded  in  the  study  of  corrosive  wear.  This  fact  hampers 
the  applicability  of  most  existing  theories. 

(3)  It  is  generally  recognized  that  there  is  a limit  of  operation  of  the 
surface  film  as  an  anti-wear  agent.  What  will  happen  beyond  this  operating 
range  or  where  the  surface  film  is  ruptured  is  stilt  an  open  question. 

The  inherent  chemical  and  structural  heterogeneities,  the  induced 
heterogeneity  due  to  non-uniformly  distributed  stored  energy,  and  the 
non-uniformity  in  the  coverage  of  the  sliding  surfaces  by  a surface  film  all 
lead  to  the  following  conclusion:  the  possibility  of  a localized  corrosion 
mechanism  which  may  significantly  affect  the  wear  rata  has  been  overlooked 
in  the  previous  studies  of  corrosive  wear.  In  view  of  the  metallurgical  com- 
plexity involved  in  the  engineering  alloys  in  use  today,  the  role  of  hetero- 
geneities in  corrosive  wear  can  hardly  1m  overemphasized. 

Therefore  the  primary  objective  of  this  iirvestlgatlon  wos  to  explore 
qualitatively  the  feasibility  and  the  effect  of  the  localized  corrosion  mech- 
anism in  the  sliding  wear  of  metals  in  cortoalve  media.  It  is  intended  to  dem- 
onstrate that  the  conventional  homogeneous  corrosive  wear  theory  does  not 
account  for  the  observed  wear  rate,  and  that  the  overall  wear  rate  is  a com- 
plex function  of  localized  reaction,  film  formation  and  delamlnatlon. 


Materlala  and  procedures 

2024  aluminum  alloy  (4.6%  Cu,  1.6%  Mg,  0.6%  Mn,  A1  balance)  and 
sodium  chloride  solution  were  oho.sen  for  the  study.  The  2XXX  series  of 
aluminum  alloys  is  known  to  exhibit  intergranular  corrosion  in  an  aqueous 
medium  containing  chloride  Ions  (18] . The  susceptibility  of  2024  aluminum 
alloy  to  intergranular  corrosion  can  be  explained  in  terms  of  preferential 
precipitation  of  an  Al|CuMg  Intermetallio  phase  along  the  grain  boundaries 
[16 1 , resulting  in  an  anodic  coppar-deplated  solid  solution  region  arou.id 
these  precipitates.  In  a corrosive  medium  such  as  sodium  chloride  solution, 
the  anodic  copper-deplatad  region  corrodes  preferentially  by  an  eleotro- 
ohamtcal  proceia. 

In  the  study,  the  sa-received  aluminum  rods  (6.86  mm  diameter)  were 
cut  into  100  mm  pieces,  These  specimens  weM  then  solutionlaed  at  773  K 
for  60  min,  water-quenched  to  room  tarapwatura  immediately,  then  aged 
at  448  K for  120  min  and  finally  water-quenched  again  to  room  tempemtura. 
This  heat  treatmoit  cycle  has  been  reported  [Id]  to  enhance  the  susceptibil- 
ity to  intergranular  corrosion  of  aluminum  alloy.  Sliding  wear  tests  were 
performed  with  this  heat-treated  aluminum  alloy  in  aqueous  sodium  chloride 
sulutlons  (see  Pig.  1). 

Two  parameters  were  adjusted  during  the  experiment:  (1 ) the  concen- 
tration of  NaCI  In  solution;  (2)  the  pH  of  the  solution.  These  twu  parameters 
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Fl|.  1.  ScliHinitle  cll«||r«m  of  the  rllding  wear  teat  aet  up. 


were  choien  bocauM  of  their  innuencei  on  corroiion  ratei  u well  ei  the 
mode  of  corroeion.  After  each  wear  teat,  the  wear  volume  waa  measured  and 
the  wear  coefficient  waa  then  determined. 

To  aubatantlate  the  localized  corrosive  wear  hypothesis,  the  wear  rate 
was  also  determined  as  a function  of  the  aging  time  of  the  lame  2024  alu- 
minum alloy  at  room  temperature.  Since  Intergranular  corrosion  of  this 
aluminum  alloy  is  a result  of  preferential  precipitations  along  the  grain 
boundaries  it  was  expected  that  tire  varying  extent  of  precipitation  with 
aging  time  would  affect  the  conosion  process.  The  aging  temperature  was 
chosen  to  be  room  temperature  (296  K)  after  a trial  aging  test  at  446  K had 
indicated  that  the  precipitation  proceeded  too  rapidly  at  an  elevated  tem- 
perature (as  revealed  by  the  specimen’s  hardness  change),  making  aging  time 
impractical  for  use  os  a varlp.bie  in  the  wear  tests.  The  wear  tests  were  per- 
formed during  the  aging  proceM. 

In  ail  the  sliding  wear  tests,  the  slider  material  was  AI8I  304  stainless 
steel.  Titls  nrateiial  was  chosen  for  two  reasons. 

(1)  The  hardness  of  this  material  was  approximately  1.47  X 10*  N m * 
(160  kg  mm  *),  whereas  that  of  the  heat-treated  aluminum  alloy  specimen 
was  6.8  X 10*  N m~*  (90  kg  mm  '*).  The  higher  hardness  of  the  slider  mini- 
mised complications  due  to  deformation  of  the  slider  during  the  teste. 

(2)  The  corroeion  current  denelty  in  the  2024  aluminum- A!SI  304 
itoinleec  stoel  galvanic  cell  wee  measured  to  be  12.8  ju  A cm  * in  a 3.5%  NaCI 
solution  at  298  K [20] . Thie  low  corrosion  rata  does  not  modify  the  corro- 
sion rate  of  the  aluminum  specimen  very  substantially  through  a galvanic 
coupling  effect. 

The  eodium  chloride  eolutlone  were  prepared  by  dissolving  laboratory 
grade  granular  NaCl  in  freshly  prepared  distilled  water.  Tlie  pH  of  the  distilled 
water  and  NaCl  solutions  was  varied  by  addition  of  HCl  or  NaOH  to  cover 
the  pH  range  0 - 14.  In  most  laboratory  corrosion  tests  on  aluminum  alloys. 
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hydrogen  peroxide  is  added  to  the  test  solution  to  speed  up  cathodically 
controlled  reactions  [19] . In  these  tests  15  g T ^ of  3%  Ha02  was  added  to 
all  solutions. 

Before  the  wear  tests,  the  heat-treated  specimens  were  abraded  witli 
silicon  carbide  papers  to  remove  the  surface  oxide  layer.  They  were  then 
fine  polished  with  1 Aim  then  0.26  urn  polishing  compounds,  cleaned  with 
soap  and  water,  rinsed  with  alcohol  and  dried  with  an  air  blower. 

For  all  wear  tests  the  normal  load  was  9.8  N ( 1 kgf)  and  the  sliding 
speed  was  maintained  at  1 m mln~’^.  The  duration  of  each  wear  test  was 
50  min,  allowing  sufficient  time  for  the  wear  process  to  reach  a steady  state. 
The  pH  of  the  test  solution  was  monitored  at  the  beginning  and  at  the  end 
of  each  test.  The  friction  coefficient  was  also  monitored  and  the  steady  state 
value  recorded.  After  each  wear  test  the  specimen  was  rinsed  carefully  with 
water  and  any  surface  reaction  products  were  brushed  away  lightly  using 
1 cotton  swab.  The  specimen  was  then  blow  dried. 

The  tmnsverse  profile  of  the  wear  groove  was  traced  by  a Talysurf 
profilomcter;  the  product  of  the  measured  cross-sectional  area  of  the  groove 
and  the  circumference  of  the  specimen  (20  mm)  gave  the  wear  volume. 

Selected  specimens  were  cut,  polished,  etched  with  Keller’s  reagent  and 
then  observed  in  a scanning  electron  microscope  (SEM). 

Most  of  the  tests  were  repeated  three  to  hve  times  to  check  the  repro- 
ducibility. 


Results 

Figure  2 shows  the  corrosion  characteristics  of  2024  aluminum  alloy  in 
NaCl  at  pH  6 under  the  same  conditions  as  the  wear  tests,  except  that  there 
was  no  normal  load  applied.  These  conosion  tests  showed  that  in  a neutral 
aqueous  solution  containing  Cl" , the  aluminum  alloy  exhibits  intergranular 
corrosion  and  pitting  characteristics. 


Fig.  2.  Intergranular  corrosion  of  2024  alutnlnum  siloy  In  sodium  chlorlda  solutions  con- 
taining 16  g 1"^  HgOg:  [NaCl]  ■■  (a)  0.001  M,  (b)  0.1  M,  (c)  1 M,  Corrosion  tosti  lastad 
300  min  at  299  K.  Tha  pH  of  all  thraa  solutlona  was  maaturad  us  8. 
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Fig.  3.  Th«  lurfau^  topography  »f  corroU«<i  2024  Hlumlnum  ■peoimk.-na  In  0.001  M NuCI 
at  (a)  pH  " 0,  <b)  pH  “ 6,  and  (o)  pH  "14. 


Figure  3 is  a scanning  electron  mioiograph  ol'  the  surface  topographies 
of  similar  corrosion  test  specimens  at  three  pH  levels  (0,  6 and  14).  At  pH  6 
the  figure  shows  pitting  and  intergranular  corrcslun,  v/hereas  at  pH  0 or  14 
the  specimen  indicates  corrosion  through  uniform  dissolution  of  the  alumi- 
num matri-t. 

After  the  intergranular  corrosion  and  pitting  behavior  of  2024  alumi- 
num alloy  in  NoCl  h;id  boon  established,  the  effect  rf  such  localized  cnrro' 
siun  on  sliding  wear  was  investigated.  The  results  ere  shown  in  Figs.  4 - 7. 

Figure  4(a)  shows  the  vacation  of  the  woai'  l ocfficlent  with  NaCI  con- 
centration in  the  test  solution  at  pH  6.  The  figure  shows  that  the  wear  coef- 
ficient is  not  a monotonic  function  of  NaCl  concentration.  During  the  wear 
tests,  it  was  observed  that  the  wear  tracks  appeared  shiny  until  the  concen- 
tration was  inoreased  to  0.006  M,  above  which  a black  gelatinous  deposit 
was  formed.  The  quantity  of  the  deposit  seemed  to  itpcrease  with  NaCl  con- 
centration. 

I'he  dependence  of  frintion  coefficient  on  NaCl  concentration  is  shown 
in  Fig.  4(b).  At  all  concentrations  the  friction  coefficient  is  higher  than  that 
obtained  with  distilled  water  alone.  The  figure  also  shows  that  thoie  is  a de- 
crease in  friction  in  the  high  NuCl  concentration  range  (above  0.01  M).  This 
decrease  in  friction  seems  to  be  related  to  the  formation  of  the  gelatinous 
reaction  products. 

Figure  4<c)  shows  the  variation  of  the  pH  of  the  solution  collected  from 
the  zone  of  sliding  contact  as  a function  of  NaCl  concentration.  The  pH  of 
all  solutions  before  the  wear  test  was  about  6.  Above  O.OOl  M the  pH  of  the 
solutions  after  a wear  test  increased  with  concentration,  indicating  an  increase 
in  hydroxyl  ion  concentration. 

The  above  observations  show  that  the  presence  of  chloride  Ions  in  the 
tei^t  solution  leads  to  a higher  wear  coefficient  than  that  obtained  with 
distilled  water  only.  These  results,  coupled  with  the  observations  in  the  cor- 
rosion tests,  eui^st  that  a localiz^  oorroaion  mechanism  provides  a plausible 
explanation  fur  the  increase  of  the  wear  coefficient  with  NaCl  concentration. 
However,  the  decrease  in  wear  coefflolent  in  the  high  NaCl  concentration 
range  (associated  with  the  fomation  of  a gelatinous  deposit)  indicates  that 


Fig.  4.  (a)  W««r  co«f/ioi«nt,  (b)  frioKon  oo«fftoient  and  (c)  pH  of  solution  aftar  wear  leal 
aa  a function  of  aodluin  chloride  concentration  In  molara:  before  teal,  after  teat. 


the  ovenll  wew  rate  U also  affected  by  the  formatlovi  of  a surface  film.  The 
corrosion  product  appears  to  lower  the  friction  coefficient  and  hence  the 
wear  cootflclent. 

Figures  6 - ffa)  show  the  dependence  of  the  wear  coefficient  on  pH  at, 
three  NaCI  concentrationa  (0  M|  0,001  M and  1.0  M respectively).  Figure 
4(a)  has  indicated  that  the  wear  behaviora  are  different  at  these  three  con- 
centrations, 

With  distilled  water  only  (Fig.  5)  the  wear  coefficient  is  retatlvely  con- 
stant within  the  pH  range  8-11.  At  both  the  loW  pH  (below  3)  and  higif  pH 
(above  1 1)  ends  the  wear  coefficient  kicieases  very  rapidly  to  10"*,  This 
value  li  extraordinarily  high  compared  with  the  wear  coefficient  experienced 
in  moat  wear  mode(i»  which  la  typically  leas  than  10~*.  Such  a high  value  of 
the  wear  coefficient  luggaats  that  most  of  the  material  loaa  Is  probably  due 
to  severe  corrosion  (diMolutlon).  This  argument  is  indeed  supported  by  the 
measured  depth  of  material  Iom  due  to  corrosion  alone,  aa  shown  In  Fig. 

6(c);  this  figure  shows  the  depth  of  uhiforin  corrosion  on  the  sides  of  the 
wear  track,  which  were  covered  by  a film  of  the  test  solution  during  the  wear 
test.  Visual  examination  of  the  wear  specimens  during  the  wear  tests  showed 
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Kig.  6.  (•)  Wiar  coafflotant,  (b)  frlfltlon  npamolent  and  (o)  uniform  corroalon  aa  a funo- 
tlon  of  pH  of  dlatillad  watar. 


that  a black  gelatinous  deposit  was  formed  as  the  pH  was  Increased  to  10 
and  above.  The  friction  coefficient  is  shown  in  Fig.  6(b)  to  be  relatively  con> 
stant  over  the  pH  nuvre  0 ■ 14. 

At  an  NaCl  concentration  of  0.001  M Idle  variation  of  the  wear  coef- 
ficient with  pK  (Fig.  6(a))  at  the  high  and  low  pH  range  (pH  less  than  1 and 
pH  above  lit)  is  similar  to  that  shown  in  Fig.  6(a).  The  uniform  corrosion 
characteristics  are  also  similar  in  these  pH  ranges  (Figs.  6(c)  and  6(o)).  In  the 
intermediate  pH  range  (2  • 12)  the  wear  coefficient  varies  parabollcally  with 
pH,  whereas  in  the  case  with  water  only  the  wear  coefficient  is  Independent 
of  pH.  This  result  shows  the  detrimental  effect  of  Cl  ‘ 'n  the  aliding  wear 
of  2024  aluminum  alloy  in  an  aqueous  environment.  At  pH  ■■  0 - 1 and 
pH  ■■  10  - 12  a black  deposit  was  again  noticed  on  the  wear  track.  Figure  6(b) 
shows  that  the  friction  coefficient  is  roui^ly  constant  (about  0.6)  between 
pH  2 and  pH  6,  but  that  it  decreases  gradually  to  about  0.4  as  the  pH  in- 
creases to  14.  However,  there  is  a relatively  sharp  decrease  in  friction  ooef- 
tloient  to  about  0.3  at  the  low  pH  end  (pH  ■■  0 and  1).  Once  again,  these 
observations  suggast  that  Uie  overall  wear  rate  Is  a complex  function  of 
localized  corrosion,  surfeoe  film  formation  and  mechanical  action. 
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At  an  NaCl  concentration  of  1.0  M,  the  wear  coefficient- pH  relationihlp 
(Fig.  7(a))  ii  limilar  to  that  obtained  with  diatilled  water  alone,  except  that 
in  the  intermediate  pH  range  the  wear  coefficient  it  about  3.6  X 10"  * com- 
pared with  1.7  X 10  ’ in  the  latter  liquid.  The  friction  coefficient  (Fig.  7(b)) 
followB  a trend  limilar  to  that  obtaim^  at  an  NaCl  concentration  of  0.001  M, 
I.e.  low  valuM  at  both  the  high  and  low  pH  ends.  Inspection  of  the  wear 
tracks  showed  the  formation  of  a black  gelatinous  deposit  throughout  the 
whole  pH  range  (0  - 14).  The  uniform  dissolution  characteristics  (Fig.  7(c)) 
are  limilar  for  oil  three  NaCl  concentrations  considered. 

To  strengthen  further  the  localized  corrosion  hypothesis,  sliding  wear 
tests  in  NaCl  solution  were  performed  as  a function  of  the  aging  time  of  the 
2024  aluminum  specimen  at  room  temperature  (298  K).  The  wear  tests  were 
performed  with  both  distilled  water  and  0.001  M NaCl.  The  progress  of  the 
precipitation  hardening  process  is  shown  in  Fig.  8.  The  figure  shows  that  the 
hardness  reaches  its  maximum  value  of  approximately  9,2  X 10*  N m ‘ in 
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Fig.  8.  Th«  hardniw  of  20as  shimim,Ai  illoy  u a function  of  aging  tima  at  298  K.  The 
■peolmana  ware  aolutioniaed  at  778  X for  1 h,  waiar-qutnohtd  and  than  aged. 


about  1000  min.  The  wear  tests  t^wuita  ere  shown  In  ^Ig.  9;  the  figure  shows 
that  for  the  0,001  M solution  the  wear  coefficient  increases  cs  aging  time 
increases.  The  wear  coefficient  for  Ute  tests  with  diatilled  water,  however, 
shows  only  a marginal  increase  for  the  same  aging  time.  This  result  with  dis- 
tilled water  shows  that  the  Increase  In  wear  coefficient  with  aging  time  in  the 
0.001  M NaCl  solution  la  not  a consequence  of  the  hardness  change  but  is 
due  to  the  pteaence  o!  the  chloride  itMari. 

An  interesting  observation  firom  this  test  result  is  that  the  wear  coef- 
ficient increaaes  as  the  hardneia  of  the  material  Increasei  with  aging  time.  This 
observation  Is  inconsistent  with  th«  postulate  of  the  adhesion  theory  of  weak’ 
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Fig.  9.  The  WMr  ooQfnoltnt  m • function  of  aging  tima  for  2024  aluminum  alloy  at  298  K: 
0 with  0,001  M Nan,  « with  rtiatlllad  waUr  only. 


which  ■uggeiti  that  the  wear  coefflclsnt  ia  Invenely  propoitioiuU  to  tile 
haidneM  of  a material.  However,  thie  obiervatlon  haa  been  explained  In  terma 
of  the  delamination  theory  of  wear  [5] . 

Mlcroaoope  examination  of  the  worn  apeoimenn  revealed  the  dominant 
meohanlam  of  wear  particle  formation  in  the  intermediate  pH  range,  namely 
conjoint  actiona  of  delaminatlon  and  localised  oorroaion. 

Flgurea  10  - 12  provide  evidence  auppoiiing  the  Jelaminatlon  theory  of 
wear,  Theae  flgurea  Uluatrate  the  delaminatlon  prooeeiea  of  aubaurface  de- 
formation, aubwurface  crack  initiation  and  propagation,  and  eventual  detach- 
ment of  aheet-like  partlclea  from  the  eliding  aurfaco,  reapectively. 


Fig.  XU.  Hubaurfene  (taformatlon  In  a lUdbig  wiNtv  apeelman.  Tkv  ap«olm«e.  meterlal  b 
2024  utumlhum  alloy,  'fh#  wear  taat  waa  In  dIatUMI  vmIm  at  pH  8. 
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Fig.  11.  A lubiurface  crick  propaRitlng  pirillil  to  the  lurfioe  on  « illdinR  woir  ipeclmcn. 
The  ipecimen  miterlal  U 20ii!4  ilumlnum  alloy.  The  teitiolutlon  wii  U.OOl  M NiCI  at 
pHH. 

KIr.  1 2.  a typical  delaminated  wear  particle.  The  ipecImen  miterlal  la  2024  aluminum 
alloy.  The  teat  lolution  waa  0.001  M NaCI  at  pH  H. 

Figure  13  ihowa  the  initiation  of  a (urfauo  crack  along  a grain  boundary 
as  a result  of  preferential  ohemical  reaction.  Shrtit-llke  particles  are  detached 
from  the  surface  as  a result  of  the  simultaneous  development  of  surface 
(chemically  initiated)  and  subsurface  (mechanically  Induced)  cracks,  Such  a 
shent-llkc  particle  is  also  obserted  in  Fig.  13.  Figure  14  is  another  typical 
example  of  pits  initiated  on  the  surface,  complementing  the  propagating  sub- 
surface cracks  in  the  formation  of  a wear  particle.  The  figure  also  shows 
that  the  corrodent  probably  passed  through  the  surface  pits  and  chemically 
attacked  the  subsurface  crack. 


Fig.  14.  Wstr  purllule  formitllun  by  conjoint  *oll»ni  of  lurfion  plU  and  lubiurfac*  oraoki. 
Tha  wear  teat  waa  In  0.001  M NaOl  at  pH  6. 


Figutv  15  dlffereniiittoi  th«  lurfuce  uppoortncoa  of  the  wear  ipecimens 
In  0.001  M and  1.0  M NaCl  aolutJoni  at  pH  6,  With  the  former  solution  no 
surface  film  wuu  ob'u'rvnd  during  the  wear  tests,  while  In  the  latter  a residual 
surface  film  was  olMerved. 


Fig.  15,  ComparUon  of  the  wear  track  aharaatarisUoa.  Tsai  (a)  was  In  0.001  M NaOl  at 
pH  0.  Teat  (b)  waa  In  1 .0  M NaUI  at  pH  6.  Note  the  aurfaos  film  on  apaolman  (b). 


Kligure  16  shows  the  subsurface  of  a apeolmen  tested  In  a 0.001  M NaGl 
solution  at  pH  1.  It  hM  been  reported  that  a surface  film  was  observed  during 
the  wear  test  (Figs,  6(a)  and  0(b)).  Hence  this  figiire  shows  that  Intergranular 
corroelon  occurs  aven  in  the  presence  of  a surface  film  (note  the  difference 
in  tha  etched  appearances  of  two  acUeoent  grains), 


Vlg.  10.  InUrgnnulu  oorrcMlun  of  2034  •lumlnum  ipMtmcn  dutlng  WMr  tMt  in  0.001  M 
N«CI*l  pti  1. 


DUcuulon 

In  the  previous  studies  on  the  delamination  wear  of  materials  [1  • 10] , 
the  test  conditions  were  so  chosen  that  the  environment  effect  was  negllglhle. 
In  this  study  the  role  of  chemical  interactions  between  the  environment  and 
the  sliding  surfaces  was  emphasized.  The  results  indicate  that  chemical 
interactions  exhibit  two  mijor  effects  on  the  wear  rate, 

(1)  They  modify  the  friction  coefficient  through  the  formation  of  a 
surface  film  of  reaction  products. 

(2)  They  promote  the  wear  rate  through  localized  chemical  interactions 
which  initiate  surface  cracks. 

From  a lubrication  standpoint  the  results  in  this  study  agree  with  the 
recognized  lubricating  capability  of  some  corrosion  products.  This  conclusion 
is  based  on  the  observation  that  the  friction  coefficient  as  well  as  the  wear 
coefficient  were  lowered  wherever  the  wear  tests  conditions  were  such  that 
a gelatinous  surface  film  was  visually  present. 

Surface  traction,  together  with  other  factors  such  as  normal  load  and 
hardness,  determines  the  rate  of  the  delarolnation  processes  of  subsurface 
deformation,  crack  Initiation  and  propagation,  Hence  the  presence  of  a sur- 
face film  diminishes  the  contribution  of  delamination  wear  through  a reduc- 
tion of  the  surface  traction.  Extrapolating  this  argument  to  a situation  where 
the  friction  coefficient  is  very  low,  one  could  conclude  that  the  wear  rate 
would  then  be  predominantly  determined  by  chemical  interactions.  In 
practice,  an  extremely  low  Motion  coefficient  can  only  be  achieved  in  a 
thick  film  lubrication  raglme,  I.e.  hydrodynamic  lubrication.  In  this  regime, 
however,  It  is  well  known  that  the  effectiveness  of  n lubricant  Is  controlled 
by  lU  physical  properties  such  as  viscosity  rather  than  its  chemical  properties. 
In  oontrut,  the  Motion  coefficient  in  the  boundary  (and  BP)  lubrication 
regime,  where  the  external  load  is  high  and/or  the  sliding  speed  is  low,  is 
typically  of  the  order  of  0.1  • 0.3.  Under  these  circumstances,  the  role  of 
delamination  in  determining  wear  rate  is  again  lignlflcant.  In  this  study,  the 
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friction  coefficient  wna  «bout  0.4  • 0.6  for  moit  teito  and  the  formation  of 
wear  particle*  by  dele  ninatlon  ia  evident  from  the  micrograph*  (Fig*.  10  - 12). 

As  a consequence  of  the  preceding  discussion,  one  of  the  mi^or  draw- 
bocka  of  the  conventional  theories  of  corrosive  wear  become*  apparent,  i.e. 
the  importance  of  surface  traction  has  not  been  considered.  In  these  theories, 
material  low  is  solely  attributed  to  the  mechanical  removal  of  surface  reac- 
ilon  products,  which  may  hold  true  only  in  a situation  with  extremely  low 
friction  coefficient. 

Nonetheless  the  overall  wear  rate  in  a chemically  reactive  environment 
is  determined  by  neither  romovnl  of  surface  film  nor  delamination  alone. 

The  micrographs  shown  in  Figs.  13  and  14  demonstrate  that  wear  particles 
formed  as  a result  of  conjoint  action*  of  chemically  Initiated  surface  cracks 
(pits)  and  mechanically  induced  delamination. 

Based  on  both  thermodynamic  and  kinetics  arguments,  the  chemically 
and  structurally  heterogeneous  sliding  surfaces  favor  preferential  chemical 
reaction*  at  localised  sites.  The  chemically  different  constituents  on  an  en- 
gineering alloy  surface  would  involve  dlfferant  amounts  of  Gibbs  free  energy 
changes  when  reacting  chemically  with  the  environment.  Moreover,  the 
kinetics  for  reactions  involving  different  phases  on  a multiphase  material  sur- 
face could  be  very  different.  Hence  the  assumption  of  a homogeneous 
surface  In  the  realm  of  conventional  theories  of  corrosive  wear  is  inevitably 
questionable.  Indeed,  the  experimental  results  in  this  study  show  that  in  the 
intermediate  pH  range  (Fig.  6(a))  the  wear  rate  of  2024  aluminum  alloy  was 
increased  substantially  by  the  presence  of  chloride  ions,  and  the  results  of 
the  tests  with  aging  time  at  room  temperature  as  a variable  validate  the 
hypothesis  that  this  Increase  in  wear  rate  is  a consequence  of  preferential 
corrosion  at  localised  sites.  Coupled  with  the  microscope  observations  of  the 
worn  Bpe<Umens,  these  experimental  results  therefore  lead  to  the  conclusion 
that  the  overall  wear  rate  is  a complicated  function  of  «'elamlnatlon,  localised 
corrosion,  and  regeneration  and  removal  of  surface  film.  ThU  observation 
is  incompatible  with  the  concept  of  a homogeneous  material  surface  in 
the  conventional  theories;  consequently,  the  mgjor  contribution  of  this  study 
is  that  the  picture  of  a heterogeneous  surface  is  rejuvenated. 

This  study  has  also  raised  another  question  on  the  assumption  of  a 
complete  coverage  of  the  sliding  surface  by  a surface  film  in  most  existing 
models  of  corrosive  wear.  The  micrograph  diown  in  Fig.  16  indicates  that, 
under  the  wear  test  conditions  in  which  a surtaoe  film  is  formed,  localised 
corrosion  still  take*  place,  resulting  in  a network  of  Intergrenuler  creeks. 

Buch  cracks  could  be  detrimental  to  the  life  of  e mechinical  component  by 
noting  es  stress  intensified  sites.  In  fact  tire  queation  of  what  would  happen 
to  the  sliding  surface  where  tlie  surfeoe  film  Is  ruptured  has  never  been 
looked  Into  systamatloally. 

In  summary,  thia  investli^Uon  haa  illustrated  the  ligntfloance  of  locellied 
corrosion  (as  a consequence  of  surface  heterogsneitlea)  in  tha  study  of  cor- 
rosive wear,  which  has  been  astonishingly  disregarded  in  moat  existing  uor- 
roilve  wear  theories. 


160 


Up  to  this  point,  the  eleutrochemlatry  in  the  wear  tests  has  not  been 
discuBSCKl.  A brief  discussion  is  thus  attempted  here  to  explain  scire  of  the 
experimental  observations: 

(1)  dissolution  of  aluminum  at  high  and  low  pH  (Fig.  3); 

(2)  formation  of  the  black  gelatinous  product  (Fig,  15); 

(3)  increase  in  pH  at  high  chloride  ion  concentration  (Pig.  4(c)). 

It  is  well  known  that  the  corrosion  behavior  of  aluminum  in  aqueous 
solution  is  strongly  influenced  by  a protective  film  of  oxide  (e.g.  see  the 
Pourbalx  diagram  for  the  Al-water  system  at  2b  "C  [21  ] ). 

In  a highly  acidic  medium  the  protective  oxide  film  is  thermodynamical- 
ly unstable,  resulting  in  dissolution  and  lou  of  protective  action  of  this 
oxide  layer.  Consequently,  dissolution  of  aluminum  occurs  according  to  the 
following  reaction: 

A1  ->  Al**  + 3e- 


Dissolution  of  the  oxide  layer  also  takes  place  at  highly  alkaline  pH  levels. 
Corrosion  (dissolution)  of  aluminum  again  takes  place  owing  to  complex  ion 
formation: 

Al  + OH  + HaO  -*  AlOa  +|-Ha 

A 

In  the  intermediate  pH  range,  the  passivating  oxide  film  is  thermody- 
namically stable.  However,  this  protective  behavior  is  known  to  be  greatly 
modified  when  certain  anloris  such  as  Cl  ore  present.  Hoar  [22]  has  shown 
that  a process  of  ion  exchange  probably  takes  place  between  adsorbed  anions 
on  the  outside  of  the  film  and  the  oxygon  ions  of  the  oxide  lattice.  Under 
the  action  of  the  electric  field  Induced  by  polarizable  adsorbed  anions,  metal 
cations  are  pulled  outwards  through  the  film,  whereupon  they  dissolve  os 
anion  complexes.  In  this  manner,  an  adsorptlon'  CXi’hange  process  enhances 
the  corrosion  (dissolution)  of  aluminum.  It  has  also  been  shown  [23]  that 
the  electric  field  induced  increases  os  the  anion  concentration  increases,  thus 
enhancing  the  rate  of  the  dissolution  process.  With  this  background,  explana- 
tions for  the  formation  of  the  black  deposit  and  the  increase  in  pH  at  high 
chloride  concentration  seem  plausible. 

The  presence  of  Cl  enhances  the  dissolution  of  aluminum  in  anodic 
sites,  and  the  dissolved  cationic  aluminum  subsequently  hydrolyses: 

Al**  + 3HiO  -*  Al(OH),  + 3H* 

This  reaction  shows  that  Al(OH)j  may  precipitate,  forming  a deposit  on  the 
sliding  interface;  the  reaction  is  pH  dependent.  The  pH  dependence  suggests 
that  the  deposit  observed  in  the  highly  acidic  solution  (Fig.  4)  could  be  a 
blend  of  AlClg  (which  normally  is  hifdiiy  soluble  in  water)  and  Al(OH)« 
since  then  tlie  reverse  reaction  la  favored. 

So  far  we  have  Ignored  the  poesible  leaction(i)  at  the  cathodic  site.  It 
ia  known  that  in  a near-neutral  aqueous  solution  with  dissolved  oxygen  the 
dominant  cathodic  reaction  la 

Oj  + 2H,0  + 4e~  ^ 40H- 
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Thia  renotion  shows  that  the  alkalinity  at  the  cathodic  sites  increases.  How- 
ever, the  above  discussion  on  the  effect  of  Ci  on  the  corrosion  behavior  of 
aluminum  suggests  that  this  cathodic  reaction  Is  enhanced  by  the  Increasing 
concentration  of  Cl  (since  anodic  and  cathodic  reactions  arc  simultaneous 
equal  rate  processes).  Thus  it  seems  reasonable  to  speculate  that  this  is  the 
reason  for  the  observed  pH  increase  shown  in  Fig.  4(c). 

Apart  from  the  initiation  of  surface  cracks  by  the  chemically  reactive 
environment,  many  other  possible  factors  that  may  affect  the  wear  rate 
have  been  neglected  in  the  above  discussion.  For  example,  the  role  of  the 
residual  strain  energy  produced  by  plastic  deformation  In  the  subsurface  is 
not  clearly  identified.  Figure  14  shows  that  NaCl  solution  has  probably  passed 
through  the  surface  pits  and  chemically  attacked  the  subsurface  crack;  the 
exact  nature  of  such  influence  of  the  corroding  medium  on  subsurface  crack 
propagation  has  not  been  pursued  in  detail.  Furthermore,  It  has  been  assumed 
in  this  study  that  growth  of  the  surface  crack  is  a result  of  chemical  processes, 
and  we  have  neglected  the  possible  influence  of  a tensile  zone  behind  an 
asperity  on  these  surface  cracks  [3] . All  these  posilbllltiei  may  only  have 
minor  influences  on  wear  rate  and  await  further  clarification  in  the  future. 

Conclusions 

The  chemical  effects  of  a chloride-containing  environment  on  the  sliding 
wear  of  2024  aluminum  alloy  have  been  studied.  The  results  of  this  study 
lead  to  the  following  conclusions. 

(1)  The  formation  of  a corrosion  product  reduces  the  friction  coefficient 
and  the  wear  coefficient.  This  observation  agrees  with  the  conventional  view 
on  the  lubricating  capability  of  a surfece  film  formed  in  boundary  (or  EP) 
lubrication. 

(2)  Thu  surface  film  does  not  provide  complete  pasaivation  of  the  sur- 
face, Preferential  reactions  leading  to  localized  corrosion  are  still  possible. 

(3)  Pkeferentlal  chemical  reaction  at  localized  sites  as  a result  of  chem- 
ical and  structural  heterogeneities  can  accelerate  the  wear  process  (i.e.  In- 
crease the  wear  rate)  by  Initiating  surface  cracks. 

(4)  A complete  picture  of  the  corrosive  wear  process  should  include 
both  the  formation  of  a surface  film  and  the  localized  reactions.  The  latter 
have  been  disregarded  by  the  classical  theories  of  corrosive  wear, 

(6)  The  overall  wear  rate  is  a complex  function  of  both  mechanical 
and  chemical  Interactions.  Microscope  examination  of  the  wear  tracks  and 
the  subsurfaoei  of  the  worn  specimens  Indicated  that  t.ho  wear  Is  due  to  the 
dalamlnation  wear  mechanisms  ((.«.  aubsurface  dofonrtatlon,  orach  nuolea- 
tlon  and  propagation)  as  well  as  the  corrosive  effect  of  the  environment  which 
generates  surface  craoki  by  heterogeneous  chemical  Interactions. 
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